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Abstract: This project aims at proof-of-concepl/feasibility/validation studies of post-stail,
supermaneuverable, pitch-enly, or ysw-pitch, or roll-yaw-pitch thrust-vectored F-15
designs.

For that purpose we employ a new integrated laboratory/flight-testing methodolegy to design,
consiruct, flight-test and validate new yaw-pitch, or roll-yaw-pitch [1/7th-scale], thrust-vectored
F-15 models equipped with onboard computers which record conventional and/or Pest-Stall [PST]
Thrust-Vectoring Maneuvers [TVM]. Accordingly, post-flight analyses are intended lo
demonstrate/validate clear-cut advantages of vectored over conventional F-15 fighters,

This report summ:“rlzes the 1st-year efforts in this direction. During the past year the design,
construction and qualitative flight-testing demonstrations of [ 9-feet/17Kg/ 1st-generation”]
yaw-pitch-vectored F-15 RPVs were completed. Also compleled were the design, construction,
calibration and preliminary flight tests of a light-weight, onboard computer with
sensors/instrumentation that would later provide quantitative post-flight analyses.
Additional work was completed in the design, construction and preliminary calibration runs of
subscale and fullscale PST F-15 intets [Cf. our latest calibration runs on p. 174-177],

Repeated flight tests of a yaw-piich F-15 RPV have demonstrated very poor thrust-vectored
roll performance. Hence, a roll-yaw-pitch wind-tunnei rodel and a thrust-vectored F-15 RPV
have been designed and constructed. The geometry, dimensions and preliminary wind-tunnel test data
for such a design are provided in Appendix A. If funded, such a 3rd-generation RPV is to be flight-tested
with and without vertical stabilizers during the third year of the program.

The already-funded 2nd-year efforts are intended to demonstrate/validate a 2nd-generation set of
light-weight yew-pitch F-15 RPVs equipped with 2nd-generation computers/probes. These efforts
will also include the development of new [vectorable] F-15 PST-Inlets and of new Standard Agility
Comparisons Maneuvers [SACM] for PST-TVM, as well as [statistical]l post-flight analyses.
Additional flight tests are planned for tailess F-15 RPVs {with 50-, 75- and 1008-cut vertical
stabilizers], and for Roll-Yaw-Pitch thrust-vectored F-15 RPVs with and without verticel
stabilizers [during 1991].

A cost-sharing program in which we run jet-engine-tests with new yaw-pitch, or roli-yaw-pitch
thrust-vectoring nozzles and modified F-15 inlets is conducted within this program. Another
cost-sharing program is a similar F~16 program, financed by General Dynamics. A portion of this work
is based on previous work financed by Teledyne and General Electric.

The research methodology employed throughout the project includes seven integrated phases. The
main problems facing this new fleld of technology are described in the main text. Additional
considerations, drawings and details are available in the Appendices and in our previous reports and
video cassettes, a3 we!l g2 In our naw book.
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The 29 Parlicinants-Contributors te this USAF Project:

[ PCSI is a Haifa-based computer company which has developed our special onboard computer. A
nuinber of the individuals listed below are part-time paid workers selected from the TIIT's aerospace
community of students. Others are full-time or 1/2-time paid workers. A combined list of group
members means unpaid work of students within their final, 2-semesters "Design Project”. Some of
these students are mature pilots, or national/international champions in R/C model flying, or « ithorized
military flyers of prop-RPVs. ]

Amir Yogev [IDF authorized, “Day/Night/Operational” Military prop-RPV Flyer. Our 1st-rank Flyer
of the vectored F-15 RPVs since March 1990).

Berkovitch Raphi I[Lt. Colonei. IDF F-16 Pilot. Construction of elevator-less, Yaw-Pitch-Roll ,
Thrust-Vectored F-15 RPV to be flight tested during 1990/91]. Cf. page 72.

Cohen Zshi [Construction and stand-by flyer of the F-15 RPV till Feb. 1990). Cf. page 66
Cosist Yaron [R/C model flyer. A stand-by flyer for the F-15 RPV since March 1990]

Dekel Eli [F-15 subscale and fullscale inlet/nozzle work, 2nd and 3rd-generation F-15 RPV

construction)

Friedman Frez [ Our 1st-rank Flyer of the F-15 RPV till March 1990, Construction and calibration of
the 1st-generation vectored F-1S RPV]. Cf. page 66.

Gafnt R, [ Construction of elevator-less Yaw-Pitch-Rolt Thrust-Vectored F-15 RPV to be fight tested
during 1990/911].

Gal-Or Benjamin [ Principal investigator of this project. Head, JPL. Professor,
Faculty of Aerospace Engineering. Video-camera operator during flight tests.].

Greenberg Israel [lsrael's Champion for flying R/C models - since 87. 2nd-Position in the 88
European Cup ).

Igal Harel [Construction, calibration and laboratory engine tests of F-15 RPV and Forces/Moments

Metrics).

ido Fenygsein and Yaron Sade [Construction and preliminary tests of F-15 Inlet Subscale Rigl
Cf. Appendix B —Part 4,




Meshaich EH (F-15 subscale and fullscale inlet work, 2nd and 3rd-generation F-15 RPV construction).

Oren Yoav and Rami Aristozan [pure-vectored, 4th-generation, elevalor-less F-15 wind-tunnel
models construction & tests & analysis]. Cf. page 7.55.

PCSI-Pesach Pascal and PCSi-Doron Rosenwasser [Design, construction and initial lab tests
of 1st and 2nd-generation onboard computers and of the ground computer for flight tests].

Cf. pages 70 71

Polansky lgal [Construction, calibration and laboratory engine tests of F-15 RPV and
Forces/Moments Metrics).

Rasputnis, Dr. Alexander [Fuliscale, F-15 vectoring nozzle calibrations & tests & computing
procedures. Alse Subscale & Fullscale F-15 “vectorable™ inlet studies,

calibrations & computing procedures 1. Cf. pages 154174,

Sapir Shaul [ IDF 707 pilol. Design, construction, and lab tests of 4th-generation,
¢lavator-less, yaw-pitch-roll F~15 RPV to be fight tested in 1990/911. CF. p. 72.

Sherbaum, Dr. Valery [ Subscale & Fullscale F-15 “vectorable™ inlet studies, calibrations & tests
8 computing procedures since Dec. 1989]. Cf. pages 62, 154-174.

Shlomo, Moshe and Igal [Design, construction, and 1ab tests of 4th-generation,
elevator-less, yaw-pitch-roll F-15 RPV}

Spector, Ben-Zion [Construction, calibration and laboratory engine tests of F-15 RPV as well as
construction and calibration of onboard computer-probes hardware}. Cf. p. 58,

Sofer Dan [Post-fiight analysis and calibration of onboard computer—probes hardware].

Soreq Ilana [Typing, reporting, filing, budget monitoring, workers overtime-payment-procedures).
Tomi U [Typing, translating and figure positioning]

Vershavsky Dan [Post-flight analysis and calibration of onboard computer-probes hardware].

Voroveichik Sara [Drawings, figure scaling, filing, and mechanical design).




The two video-cassettes and the previous Proegress Reports submitted previously to
the Program Manager form an integral part of this Report.
The following Book reference by the Principal Investigator was also submitted to the USAF. It is
entitled as :

Yectored Propulsion, Supermaneuverability and Robot Afrcraft

Foreword by Dr. G. Keith Richey,
Technical Director of the Wright Research and Development Center, Wright-Paterson Air Force Base.
This book has been published by Springer-Verlag, N.Y and Heidelberg, in 1990 .
[ 275 pages, with 189 Illustrations and 237 References),

This book may also be considered as part and parcel of this Report.




Milestenes in USAF Labsratery and Flight Tests Pregrams

]
The Jet Propulsion Laberatery, TIIT, By Prof. Bea Bal-Or

1991
§ L nim

Job Desoription
censtruction of 2nd generation F-13 medel

construotion of 2ad generation computer
constr. & calid. velec., 2lpha & betta pey propes
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Effect. vs ’mol. deflect. - jets calib. tests ﬁ _
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SUBSCALE F-13 MILET CONST.-CALIBRATION TESTS
R

SUBSCALE F-13 MRET TESTS
AR
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L

FULLSCALE =13 BRLET CORST.~CALIB. TESTS

FULLSCALE F-13 INLET TESTS with AXi-nezzie
L ]

FULLSCALE f-13 IMLET TESTS with TV NOZZLES
VECTORABLE INLETS /NOZZLES SUB/FULL-SCALE TST

VECTORABLE LETS/NOZZLES CONCLUSIORS
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Presentation of The Main Problems

- Is thrust vectoring becoming the standard technology of fighter aircraft ? Indeed, how important it is
to enhance maneuverability and controllability ?

-Are the roads to thrust vectoring [TV] also the roads to PST, and to low observability ?

- What are the fundamental concepls of “pure” and “partial” vectored aircraft ; or of “internal” and
“external” TV ?

- What are the technology limits, and what is the stale-of-the-art of TVM ?

- What is the lowest thrust-to-weight-ratio above which one can exract clear-cut advantages of
vectored fighters over conventional ones? .., which of the existing fighters can be upgraded to
become PST-vectored fighters?

- What are the most promising designs of PST-Stealth/vectored propulsion/vectored aircraft? Do we
have the proper design philisophy to handie these problems? Are Soviet and Western TVM methodologies
similar?




- Does yaw-pitch-roll TVIM constitute a basic requirement for survivabilily and winning in the air
combat arena? How can it contribute to the aircraft's STOL and agility characteristics?

- Can an efficient PST-inlet be developed? Can such inlets be installed on, and flight tested by
PST-vectored RPVs? Indeed, what should be the R&D tools for the evalution of TVM?

- How should TVM and PST-fighter agility be defined? What are the the measursble parameters, or
“metrics”, which define vectored alrcraft agility?

- How can we identify maneuvers, missions, and flight regimes in which vectored aircraft demonstrate
advantages over conventional ones? Can one express these advantages in terms of killing-ratios, or

other measurable metrics?

~ What should be the new flight/propulsion control rules for PST-vectored aircraft? What are the new
humean factors involved with TVM? How an integrated cockpit/flight/propuision control systems be
designed for PST-TVM? On the basls of what experimental data bases?

~ What specific new maneuvers, and what new pilot tactics ere associated with “partial” and “pure”
PST-TVM? Can one invent, test and verify such new maneuvers with the help of PST-vectored RPV
simulations? Is such a new methodology cost-effective? What are its inherent limitations?

~ What are the expected g-loads, and other limitations, assoclaled with PST-TVM?

~ And, most important, how should vectorable engine nozzle and vectorable inlet geometric design, snd
aspect ratio [AR], be modified to meet a given set of new mission needs, such as low signatures,
STOL-VTOL, air-to-air, or air-to-ground supermaneuverability and supercontrollability? in particuler,
what are the engine/nozzle/inlet efficiency varlations and limitations associated with these new design
trends?

A Few Preliminary Conclusions

The following preliminary conclusions have been extracted from the aforementioned book
reference. Additional ones are presented in the next Chapters.




- The availability of PST vectored fighters, helmet-sight-aiming systems, all-aspect missiles and the
new generation of EW sysiems, require reassessment of the optimal balance between aircraft agility
and effectiveness, and the agility and effectiveness of missile/heimel-sight-aiming systems,

- Whatever is the aforementioned balance, high-performance fighter aircraft will gradually be based on
improved thrust-vectored propulsion/maneuverability/controllabilily.

- New point-and-shoot weapons have reduced engagement times drastically, ‘eaving aircraft with poor
maneuverability and controliability at the mercy of those that can use their agility to point-and-shoot
quickly during close-in combat.

- Since future fighter aircraft would be thrust-vectored, and since thrust-vectoring
engines/nozzles/inlets would be used for enhanced maneuverability and controllabilty, as well as for
brute-force propulsion, one must first define and test new propulsion concepts and new measurable
“metrics”, which would be employed in a realistic comparison of TVM with that of conventional ones.

- The ability to point the nose/weapon at the enemy quickly, while, simultaneously, computing and
locking, so as to minimize the total length of delay times associated with secure locking and obtaing the
shortest/optimal missile flight path/time from aircraft release point-attitude to the moving target, is
key to offensive engagements. This requires aircraft conventional and PST-agility to be well-integrated
with missile’s high "g"/speed agility and initial vectoring conditions.

- Other conceptual and practical conclusions are availsble in this new reference. It also includes
reviews of the various maneuvering and design methodologies and presentation of the main hardware
design concepts. As stated in the Forword by Dr. Richey, it is the first compiete treatment to date of
these complex subjects, and it addresses the key questions which are now the subject of active
research and development programs in all major aerospace establishments.
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Phase | Spenser’s comments

and domands /standards

Vindtunnel Tests

i

1

Phase (it

Full-Scale Jet-Engine Test Rig
Vectorable Inlets & Nezzles

Fu’ .1
Methodology
————
Phase It
‘ Subscale Test Rigs
Vecterable inlets & Nezzles

<

[ meew

P IDesign & Construction & Lab Tests
Iof toh~!

Phase V
Design & Construction & Calibration of
On-board Flight-Data Extraction Computer

and Sensors & synchronization with video
camera and ground-computer for recording
flyer's commands. Low weight mandatery.

L 4

Phase VI

Agility comparison flight tests with 1/7th or
1 /8th-scale thrust-vectored sr conventiona)
model RPVs, employing Standard Maneuvers
which allew repeatability, statisticsl analysis
and meaningful cenclusions even at Pest-Stall
flight cenditions and Supermaneuverability.

!

Phase VII

Pest-flight analysis and reporting in 8 preper
mix of camera + 2 computers oulputls in terms
of engineering units which allow the designer

of Integrated Flight/Prepulsien Centrol (IFPC)
systems tc develop meaningful simulatisans.

Compounded
Speaser's comments




The methodology developed by this laboratory and tested-validated by the 29 team members of
this USAF project is schematically depicted in Figure 1. The figure is self-explanatory. However,

additional details are provided below and in the Appendices.

Phases VI and VIl are probably the most important ones. Hence we shall concetrate first on them.
To start with let us examine Fig. 2 which is aiso seif-explanatory. To follow the various technical

- efforts required for the substantiation of these last two Phases one may first consult Figs. 3 and 4.

Agility comparisons, such as pitch rates & turn rates & roli rates at various conventional or
thrust vectoring conditions are depicted schematically in Figs. 5 and 6.

On the other hand, in order to provide meaningful engineering resuits via Phase Vi, one needs to
first establish the powerpiant "metrics™ of the RPV during various combinations of yaw-pitch thrust
vectoring at different throttle settings [Figs. 8 to 14). Next one needs establish the relationships
between “Effective” va “Geometric™ sngles of the deflected jets [Figs. 15 and 161, during
conventional thrust-vectoring maneuvers and during PST-TVM [Figs. 7 and 3). -

It is the data reported in Figs. 15 and 16 that are of interest to the designer of integrated
Flight Propulsion Control [IFPC] systems and cockpits of future fighter aircraft. [For
normalization purposes one may use the data presented in Fig. 17.]

Examples from the 1st-generation computer outputs are shown in Figs. 18 to 21. The data are for
a prop model used as test-bed for the onboard computer. The computer itself was developed within the
framework of this program. It was designed and produced by IPSI of Haifa. This computer was sampling
32 channels every 0.1 seconds while the IPSi-2nd-generation computer (which is now ready to fly]
records 16 channels every 0.05 seconds [see below],
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replaced earlier systems involving 2 fNigers and, later, a single fiyer with 2

separate R/C oontrel systems. Thrust-vectering joy-stick sperates the yaw-piteh
thrust-veotoring nezxle flaps/vanes in the same manner as the conveatienal jeog-stiek

located on the right hand of the new, modified, contrel system .




Fig. 3 : Catibratien Chart
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at varieus threttie angles

By comparing with the sabeard semputer sutput
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Fig. 4: The Velocity Probe
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Fiy. £ : Pitch Rete & Turn Rate Tests at various spesds . Alternatively the Might tests may be
conducted with enly thrust-vectered centrel felloewed by only acredynamie contrel and finally by
beth contrels fer maximum perfermance. However, cenventions) sentrel magy fafl begond » given
AsA. Henee the comparisen may be limited te pitoh-rate tests up te that AsA.

Repeatability of the flight tests under similer sonditions is required for statistieal analysis
and the generation of meaningful engineering results and sonelusions. -

Previded the videe~camara is almest perpendioular te the flight path, its recerdings [at high-
shutter speeds] may be employed to verify pitoh rate results ebtatnable from the eomputers].
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Fig. 6 : Thrust-veotered yaw and rell are strengly ceupled in eur fiying RPV medels.
The introduction of PST/Veclered Technolegy requires reassessment of all maneyverability and
centrellability concepts, standards and technolegy limits.

Begend a given AeA the rell rate of a cenventional centrel system fails while that of a thrust-
veotored system functions well. Hence, a major aim of the statistioally repeated yaw-rell standard
maneuvers te be worked sut during the next-year flight-testing program is to establish the preper
flight testing methodolegy-precedures-unit-operatiens which can previde the designer of 2 future
WPC system with meaningful flight~-test data. The acceleremeters sutputs reserded on the enbeard
computer may be partially verified with the recerdings of the video—camera [when the samera is
placed almost perpendicular to the flight path]. Right and left rell direstions sheuld alse be compared
as well as the rell rate ebtainable with both conventional and vestered sentrels.
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Fig. 7 RPV powerplant metrics are measured during Phase IV by this simple test

rig. The mest impertant results are these whioch compare OEQMETRIC with CFFECTIVE
YAY and PITCH an,los durin’ thrust - vntwu . Each set of test results is ebtained

at a different threttie setting. Simultanesus yaw-pitoh thrust vectering is alse evaluated

experimentally by this test rig. The designer of WPC systems needs syoh data whesever
he employs the flight test data, f.e., when, say, s command of 9 degrees yav is made, the
actual jet-yaw-angle may he higher or lower, depending ou the partisular thrust-veetering
nezzle used during the agility-comparing maneuvers. .

Hence, what must be dene dur the last phase of this preject is te re-e

recerded by the ground csmputer IQM geometrie angles of the yaw-vanes and Iﬂﬁ-&] i terms
of the EFFECTIVE uaw-piteh anales of the iet(s). Hewever, prier te that we must precalibrate the

zere setting of the joy-stiok with zere settings of the yaw and piteh geometrio sngles. It is ealy

by going first through these stages that ene can evaluate sueh parameters as the degree of soupling
between yaw and roll for various vertical stabilizers, varfeus speeds, various threttle settings,

varieus maneuvers, eto. All initial maneuvers will be performed at constant FULL THROTTLE.




The following 1/7th-scale F-15 RPV design versions sre to be flight tested for agility comparisons:

- [Baseline-1'] unvectored F-15 RPV [lwith circular, axisymmetric, fixed nozzles];
- [Baseline-2'] unvectored, canard-configured, F-15 RPV [with circular, axisymmetric, fixed
nozzles);

- (Baseline-3"1 pitch-only, canard-configured, vectored F-15 RPV;

- [Baseline-4") pitch-only, canardless, vectored F-15 RPV;

- {Baseline-5') yaw-pitch, canard-configured vectored F-15 RPV;

- [Baseline-6') yaw-pitch, canardless vectored F-15 RPV;

- [Baseline-7") pitch-only, canard-configured, vectored F-15 RPV with one-half, or less. vertical
stabilizers surface areq:

- [Baseline-8°1 pitch-only, canardless, vectored F-15 RPV with one-half, or less. vertical
stabilizers surface area [Cf, Figs. 22 te 25):

- [Baseline-9') yaw-pitch, canard-configured vectored F-15 RPV with one-half, or less. vertical

stabilizers surface area [CT, Figs. 22 to 20):
- [Baseline-10') yaw-pitch, canardless vectored F-15 RPV with one-half, or less, vertical

stabilizers surface are )
- [Baseline-11'] yaw-pitch-roll, elevator-less/canardless, Pure Vectored F-15 RPV;

- [Baseline-12’) yaw-pitch-rol | r-less/ j ical ilj Pure
Vectored F-15 RPV [Cf. Figs. 22 te 251

Ihe Minimum instrumentation Required

Every 0.05 sec., during conventional or PST-TVM, these RPVs must generate data-bases from:

- 6 onboard accelerometers,
- alpha probe,

- betta probe,

- velocity probe.

The RPV's responses to various flight/maneuvers are to be recorded by a video-camera and by an
onboard computer. The flight commands are to be recorded by an additional ground computer [see Figure
2].
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Requirements for Statistical Repeatability of the Flight Tests

statistically-similar maneuvering conditions. Similar weights [and, whenever feasible, also similar

mass distributions), are to be maintained between the various “Baselines”. This is not an easy task. In
fact, it may become impossible with the canardless and the canard-configured F-15 RPVs.

Preliminary Computer-Accelerometers Calibration Tests

Preliminary flight-calibration data obtained every 0.1 seconds by the 1st-generstion computer
onboard of a prop-RPV are provided in figures 2 and 17 Lo 21). Originally we had gyros on board of the
flying RPV. However, their current needs and weight have caused a penalty on agility. Consequently we
had most recently switched to 6 accelerometers [3 are located at C.G., 2 in the nose, and one at wing
tip - cf. Fig. 21. These accelerometers weigh only 1/2 a gram each. However, each should be calibrated
individually. Moreover, their different ranges of mv oulputs require redesign of the amplifiers of the
onboard computer.

The first computerized flight tests with the 2nd-generation computer/2nd-generation [light-weight]
F-15 RPV are now planned for April 25, 1990 in Meggido Airfield {with Amir Yogev as the flyer,
Ben-Zion Spector, Dan Sofer and Dan Vershavsky as computer
operators/calibrators/post-Night-analysts, Dekel Eli as the engine-ground operator and B. Gal-Or as
video-camera operator/photographer/flight coordinator.

Previously the following attempis have been made with the 1st-generstion
[heavy-weight] F-15 RPV [without the onboard computer]:

Baseline—1 has been constructed and fight tested a few times till the summer of 1989,
Baseline-2 has been constructed and shortiy took Lo the air on July 19 and on Aug. 8, 1989.
Baseline-4 pitch-only, canardless vectored F-15 RPV was flight tested on Aug. 26 and 27, 89.
Baseline-6 yaw-pitch, canardless, vectored F-15 RPV was flight tested on Aug. 26 and 27, 89.

The light-weight, 2nd-generation, vectored F-15 RPV with the 2nd-generation onboard computer )
was ready for flight tests in Meggido Airfield on March 27, 1990, with Amir Yogev as the Flyer.
However, engine starting problems have caused all our 3 starters to fail. Returning from abroad on
April 18, the next attempt is scheduled for April 25.
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Defined in Page 18. [initial tasks suitable for 2nd-Year Efforts]

The 2nd-year tasks depicted in Figs. S and 6 must be repeated for reasonable statistical
pest-flight analyses with each of the Baselines listed on page 18. The entire effort may take more then
one year. To demonstrate the specific maneuvers required we list below examples of the maneuvers
required.

1. Determine maximum nose-up/nose~down control with and without vectoring to determine
maximum pitch rates for all baselines.

2. Determine maximum coordinated roll rate in 1-g flight at various throttle setlings.
(a) Baselines 1, 2,3,4,5,6
(b) Baselines 1, 2, 3, 4, 5, 6 + reduced vertical stabilizers Baselines 7, 8,9, 10.
(c) Baselines 1, 2, 3, 4, 5, 6 vs. Baselines 11, 12.

3. Determine maximum trimable/controllable AoA for various throttle settings. Configurations of
interest.
(a) Basic F-15. [Baseline -1)
(b) F-15 with pitch vectoring. {Baseline ~4}
(c) F-15 with pitch/yaw vectoring. [Baseline -6]
(d) F-15 with canard [Baseline -2 vs. Baselines - 3 and - S}

4. Determine maximum turn rates in level flight for each Baseline
(a) Tsil control only
(b) Pitch vectoring only

(c) Tail + vectoring

S. Takeoff distance with and without pitch vectoring for the various 12 baselines.

6. Departure resistance/recovery: Climb at steep angle until loss of control. Recover aircraft.
(a) Baselines 1,2,3,4,5,6.
(b) Baselines 7,8, 9, 10

(c) Baselines 11, 12

7. Attempl level/skidding turns with 5-10 degree heading change, with and without vectoring for all
baselines.

8. Repeat the "Cobra”™ maneuver at different speeds, with all baselines.




Three complementary test methods are employed here, each with its pros and coms. All
combined, they are designed to provide initial estimates of the gross effects of high AoA [up to 90
degrees] on Distortion Coefficients [DC] and Pressure Recovery [Pr] at the downsiream
station of éurrent F-15 inlets. Such gross effects, as deduced from the combined test results
extractable from the three complementary methods, are to help initial conceptual and preliminary
designs of new ideas in “vectorable” Inlets. A few examples of such ideas are schematically
shown in pages 108 to 119, while the three complementary test methods are described below:

11-The [1/7th-scale] F-15 Inlet Subscale Test Rig

[Cf. Fig. 27, p. 42 and pages 57, 58, 67 - 70 and 105 ,}74-177]

It should be stressed from the very beginning that this method cannot be used without the other two
complementary methods, except for preliminary estimations based on a BASELINE [see below].

A REVIEW of the challenges and the multitude of complex problems involved in the developmenf of
such new inlet concepts and of previous research efforts in this urea is provided in Appendix B -
PART 1. Additional design and R&D&T trestments and considerations are available in
our book.

The major restricting reasons are scale effects and blowers/ducta restricled
opersting conditions.

However, we have used the F-100 engine data and the Iincreased mass-flow F-110
engine data on the variations of the engine mass-ilow rate with Mach, altitude and throttle, to
caiculate the Reynolds numbers in station 2, both in the subscale test rig and during
low-speed-flight/minimum PLA [the domain of PST-TVM-RaNPAS of future fighters - cf. the next
Chapters]. Theee comparisons show that beth Reynolds numbers are about the same [ 109 -
1061, [Note also that we can Increase the fow rate through the F-15 subscale inlet by opening the
butterfiy velve of the “suction™ blower to the maximum - < ¢ Fig. 27, p. 41).

Nevertheless, a number of additional effects may still affect the accuracy and reneatability of this
method, in particular the boundary-layer-theory deductions concerning the boundary-layers behavior in
the actual and in the subscale inlets and the restricted blower-duct opening area vs. blowing speed
considerations which cause increasing flow ponuniformities ahead of the inlet, especially at high
incidence angles. These problems are resolved by combining the test results extracted from the
subscale rig with those of the FULL-SCALE TEST RIG and by the use of dev.ations from the
TAKEOFF-BASELINE, which is obtained with ONLY THE SUCTION-BLOWER onl Cf.p. 156 ,)741).
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It should be stressed that the TAKEOFF-FLOW-SIMULATION BASELINE [ p. 156 and p. 163-4] is a
basic one.

Deviations from this baseline are atiributed to AoA-induced distortions, Intet Mach Number Effects
and some blower/duct nonuniformities. [ The blower/duct nonuniformities are eliminated in the
TAKEOFF-FLOW-SIMULATION BASELINE and in the “Full-Scale Engine/inlet Test Rig”.]

A COMPUTER PROGRAM which automatically plots these deviations has been developed for this project
(Cf. p. 174]. Its results are of a much greater degree of accuracy then the initial, preliminary maps
provided now in Appendix B-Part 4.

Calibration and preliminary test results with the subscale F~15 inlet at various incidence angles and
speeds are provided on pages 116 to 174 [Appendix B). The [unvectored) inlet lowered ramp and
external and internal dimensions used in these subscale studies [p. 105] are also those of the lefi-hand
inlet installed on the first flying, 1/7th-scale F-15 RPV {OQur PROTOTYPE No. 7]. Various vectorable
devices [such as rotating iniet lips and rotating enecian' vans], are to be tested next for pressure
recovery and distortion coefficients during O and 90 degrees incidence, i.e., for PST-TVM. So far the
data indicate that a major distortion prblem evolves beyond about 60 degrees incidence [cf. p. 117},
thereby indicating the need for “vectorable™ lips and/or vanes during PST maneuvers.

Figures such as the one shown on page 174 will now become our standard inlet distortion
maps. Similar maps will be produced within the framework of the Full-Scale engine-inlet tests
described below.

it i3 mainly due to the boundary-layer behavior in this 1/7th subscale, that a clear-cut advantage is
expected for up-scaling the 1/7th-scale inlet and installing it on an actual jet engine equipped with
actual and expected new vectoring nozzles. Consequently, combined with the TAKEOFF BASELINE data [p.
1561, this approach was adopted [see also “Full-scale Test Rig* below].

[Cr. Figs. 7a, 7b p. 220,%22b, Fig. 26 p. 41 and pages 56, 57, 59, and Figs. B.2.2
to B.2.3 p. 106-107].

The needs to develop a compiementary “Full-Scale Engine Test Rig' were enumerated above. This
test rig is based on a Marbore-1l turbo-jet engine. The full-scale F-15 inlet [p. 56, 57, 106] is to be
tested with this jet-engine during 1990-92 with a circular, or with a 2D yaw-pilch, or with a 2D
yaw-pitch-roll thrust-vectoring nozzles [Cf. Fig. 26], as in the integrated thrust-vectored propulsion
systems which might be employed in future designs. This, in facl, is a cost-sharing effort.
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Inlet-incidence at low subsonic conditions would be restricted {during full-scale tests] to 3 angles :
0, 70 {as in the X-31A and in accordance with the preliminary results obtained with the subscale
inlet], and finally at 90 degrees. These restrictions are due to cost, time and comlex technical
problems. Various vectorable devices [such as rotating inlet lips and rotating ‘venecian' vans), are to
be tested later in 91/92 for pressure recovery and distortion coefficients. At the present time we have
started the instrumentation of the inlet. Zero incidence, calibration tests to establish BASELINES wil)
begin around September or October 1990,

= s = [Cf. p. 62-3]

The inlet lowered ramp and external and internal dimensions [p. 105] are those of the left-hand inlet
installed on the first flying, 1/7th-scale F-15 RPV {Qur PROTOTYPE No. 71. It was instrumented with
19 internal pressure probes, as reported and depicted in our earlier figures, drawings, reports and
video cassettes.

However, this method has so far been encountered with weight problems which directly affect
agility. The problems originate from the anavailabllity of light-weight pressure transducers at the
range of 0 to 0.15 PSI full-range. The need for 19 heavy-weight transducers has, so far, dictated
their elimination from the 2nd-generation F-15 RPV. Consequently, the 2nd-generation F-15 RPV
[PROTOTYPE 17] weighs only 13.2 kg [without fuel] as compared with 16 kg [w/oc fuel] of
PROTOTYPE 7. In a cold-day this means T/W= 2x5.5/13.2=0.83 vs T/W=2x5.5/16~0.69 fer
the 1st-generation F-15 RPV. These ratios are lower in hol weather and at the beginning of the
flight test [which lasts about 8 minutes]. To increase these ratios, speed and safely, we have ordered
now a new set of 25%-higher-power-engines (The 0.5.-91VR-DF, which are new on the
market and are now the highest—power ducted-fan engines available. These will replace our
0.5.~77VR-DF.]. Hopefully these engines will considerably increase eur T/W, spesd
and safety, starting from June 1990.

A Cost-Sharing Effort [For testing new types of nozzles and inlets]

This program includes a cost-sharing project to develop and test new families of thrust vectoring
nozzles [Cf., e.g.. p. 22d, Fig. 7d, pages 60, 65 and Figs. A-1 to A-6 in Appendix A} and PST Inlets
(Cf., e.g.. pages S6, 65, 108-115]. All these tests are performed with our “Full-Scale Engine Test Rig"
[Cf. pages 41, 57, 59).

Another [minor] cost-sharing sub-program involves windtunnel tests of [yaw-pitch-roll,
thrust-vectored, canardiess] F~15 models. Part of this effort has been completed now and the resulls
be reported around September 1990. A few configurations which have been tested since 1986 are
shown on p. 60. It was only the PVA prototype shown on top of the left group of models which has been
scaled-up, constructed and flight tested on May 1987 [Cr. page 66]. A few variations of this
configuration have been Might tested since.

o - - - |
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The preliminary wind-tunnel tests include only Angle-of-Attack varistions on the lift, drag and moment
coefficients in the range of -10 to + 50 degrees in two low subsonic airspeeds : 16 and 32 m/sec.
Higher velocity and AoA values are yet impossible Lo attain in our subsonic wind tunnel. The major
purpose of these tests is to estimate expected AC changes due to the installation of integrated
yaw-pitch-roil thrust-vectoring nozzles into the airframe of the 1/7th-scale RPV [Appendix Al.

interferences Affecting Flight Tests

During July and August 1989, in Ein Shemer Airfield, we have encountered strong radio
interferences, causing considerable damages to the prototypes during a number of forced hard landings.
To minimize such risks, we have moved the flight tests to the Dovrat airfield (near Mount TABOR).

However, the runway there is too steep and too narrow. Hence, we had moved our flight tests
to Meggido airfield [where we also had encountered radio interference in the past.] Yet, to reduce the
risk, involved, we have introduced Pre-Flight Safety Regulations which include flying a prop model
prior to the vectored RPV flights.

Improved synchronization procedures for the video-camera-recording with the ‘on-off" radio
commands to the proper files of the onboard and the ground computers has also been introduced
recently.

A PC-XT computer is to be taken to the airfieid to reduce the risks of losing flight/maneuvering
information before returning back to the iaboratory (limited battery capacity]. Its use may also
increase effectiveness. Following the flight tests, this PC-XT computer will be connected to the Lab
PC-AT computers for extensive post-flight analysis and graphic displays.

A new video—camera, which fits with the American TV standard [NTSC], is now available in for
flight tests and for recording the progress in the laboratory. (It replaces the private one of this
investigator which fits only with the European PAL standard.] Unlike the previous one the new camera
provides editing options and electronic image stabilization.

Ihe Next tiilestones/Time-Table
A schematic time-table estimation for the next stages is provided at the beginning of this Report.

Technical Repert for the peried April 1 1990 te March 31 1991 (10 coples, 1 Apr 89
- 31 Mar 91] will be delivered to the Science Officer (EOARD) on or before 30 May 91.
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invention Report for the period April 1 1990 to March 31 1991 {3 copies, 1 Apr 89 -
31 Mar 91 ] will be delivered to the Science Officer (EOARD) on or before 30 May 91.

Fiscal Report for the period April 1 1990 te March 31 1991 (2 copies, 1 Apr 89 - 31
Mar 91 1 will be delivered to the Contracting Officer (AFOSR/PK2) on or before 30 May 91.

This investigator is also expected to present (in late September, at WPAFB ) the 3rd video
recordings of the efforts made from March 1990 to September 1990.

The grantee will ship to the US Government/USAF/WPAFB/Flight-Dynamics-Laboratory, on or
before 30 May 91, or on or before 30 May 92, the VHS system [American TV
standard] purchased through Grant AFOSR-89-0445 {“Estimated Charge to grant Funds: $1,7007],

well as any additional eauipment/hardware/software that w he so~defined in g“.l UNA

P :.A

4

R Q

= Mar 31, 92 in line with the contract documents and FAR Part 45.

£
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Fig7

The fullscale (altitude) engine test facility.

1,2,3, - Engine sector (Fig. 7a, p. 22a). 4,5,6, -Evacuation
facilities. 7-fuel-supply systems. 8-7-ton' 5.S. heat
exchanger for high-pressure/temperatures operating
conditions, or for low-temperatures simulations.

9 - Control Room N#&.5 (cf. p.59).

N

o

1-Exhaust system. 2-Roll-yaw-pitch thrust-vectoring nozzle.

Fa7
The subscale vectoring nozzle test rig.

3-4: Transition/cooling section.
527-56 combustor’. 6-Fuel injector. 7-Flow monitoring.
8~Flow-control valve. 9-Gas turbine.

10~connecting pipe. 11-Gas turbine exhaust.
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Fig. 7c¢ :
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The Yaw-Pitch Nozzles which thrust-Vector the F-15RPVs.,

Notes: To provide sufficient space to the rear-introduced
starters, the yaw-vanes have been limited to two. The optimal
number of yaw vanes is 4 with 2 additional side-doors (see
pictures on pages 55 and 60 as well as Fig. 7d p.22d). Note
also that the servos are "closed-loor ", namely, under
aerodynamic/engine interactions during maneuvers they maintain
the geometric deflection commanded by the flyer. See also
Fig. 8 to 18 for calibration of these angles with jet-deflected
ngles. ﬁlso consult Fig.7 on p. 17.
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Fig, 7d :
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The First Proposed “Full-Scale" Yaw-Pitch Nozzle for

the F-15 Fighter (Patentable) cf. p. 55

For more details see pictures on pages 55 and 60.

Please note also that the new yaw vanes developed by this
laboratory may have different shapes, space distribution,

etc., to be further investigated during 1990/91. The

design methodology of these new yaw-pitch and roll-yaw~pitch

thrust-vectoring nozzles has been discussed in details in
the author's new book (p.5).
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Fig. 7e : The betta probe (up), the alpha probe (center) and the velocity
probe (see also Fig. 4).
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Data-3quisition-system initial airworthiness trials:

During the above maneuver the RPV is flown on a stalled

condition.

Note that: a) The oL sensor shows quick response, but

fluctuations are to be reduced.
b) The stall generates a right sideslip (positive

angle).
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Data—gauisition—system initial air worthiness trials:

During the above maneuver the nose of the RPV is raised
and lowered by the pilot. The ol sensor shows a satisfactory

time response. (Constant left sideslip due to out-of-trim RPV).
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Data-aauisition-system initial airworthiness trials:

During the horizontal turn we observe:

a) Fluctuations in side-slip angle, due to out-of-trim RPV and

extremely bumpy weather.
b) Fluctuations in « to be reduced through better sensor.

c) General decrease in « during turn, in order to avoid

stall/spin at low speed.
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UNCALIBRATED PITCHRATE (in mVolts)
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Data-aquisition-system initial air worthiness trials:

During the above maneuver, the nose of the RPV is raised
and lowered by the pilot, and pitch-rate is recorded. Note
that pitch-up and pitch-down each requires a different channel,

and the above test demonstrates the excellent syncronization

between both channels.
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Fig. 26 :

Full=scale vectored F-15 1n1et/nozzle:test rig (C&-P.JL d.
View B shows the distortions/pressure probes motion during
various inlet incidence angle measurements.
1-Inlet.c§.p-106.
2-Nozzle,q§-P.lld-

3-Pressure transducers




Mulliple Probes tor monltoring
non-uniormities in duct eflux.

KIkg/s Alr flow

Fig. 27 : sub-scale test rig setup for F-15 inlet

View B is the most critical section,

The 4 sectors are marked.

1-blowersfclosed during vrakeoff-flow-simulations", while No. 6 is
- open). C4. P-i74-175.

2-Blower air mass flow control, calibrated for *1*, "2 and "3%,

increasing flow positions. Cj. P 156.
3-Blowing duct., Removed duwriny “Tekecff Sinvladions.
4-Sub-scale F-15 model (with and without variable lips, vanes etc.).

5-Front-section measurement section, as in the flying F-15 RPV,

S5B-Compressor inlet station for distortion and Pr measurement .
6-Suction blower. Takeoff Baseline”is produced with this blower
only,c§. P 174 --175.

7-Pitot tube measurements.

8-Thermometer

9-Multiple-tube water manometer.
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Our Methodology Vs

Different International Concepts of Thrust-Vectored, PST Fighter Alrcraft

DIFFERENT INTERNATIONAL METHODOLOGIES

The fact that optimized TV methodologies have recently become the technology bottleneck for the
development of superagile fighter aircraft is reflected by the acceleraled efforts made recently in this
field by governmental, industrial and academic bodies (Cf., e.g., Refs. 1 to 14),

Thus, we have most recently witnessed the flight tests of the thrust-vectored F-15 STOL
Demonstrator. Around June 1990 we shall observe the flight tests of the thrust-vectored X-31A
experimental airplane. The landing of a thrust-vectored, STOL version of the Su-27 [the 1014]) on a
carrier may soon be substantiated, according to public Soviel releases.

We have also witnessed recently the Central Institute of Aviatlon Motors In Moscow publishing
computer simulations of yaw-pitch, thrust-vectored aircraft (2,14), as well as some similer French
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(3), Israeli (1, 10) and Chiness (13) efforts. These efforts heve, in part, been influenced by the eerly '
pioneering British technology of the Harrier, and by the works of Herbst (6) in West Germany.
However, the main thrust in this field has long been the pioneering American programs [Cf., e.g., the
contributions by Richey, Surber, and Berrier, Bowers, Laughrey, Hiley, Palcza (9, 1), Temrat (4,
11), and Berrier and Mason (7, 8) J.

There are also some instructive flight simulations of a thrust-vectored version of the [now
_cancelied] X-29A (12).

A minor US program [GE, GD, Teledyne] is also conducted now at the JPL of the Technion to evaluate
the pros and cons of simultaneous yaw-pitch or yaw-pitch-roll thrust vectoring (1). This program
includes laboratory tests and flight testing of vectored F-16 RPVs equipped with various
two-dimensional nozzles, ranging from 2 to 46.4 NAR. The TV-nozzles currently being tested include
pitch-only, yaw-pitch, and simultaneous roll-yaw-pitch TV.

These design differences may be critical in the final assessment of fighter combat-effectiveness in the
future. Hence, it is imperative, and timely, to experimentally compare the effectiveness of various
thrust-vectoring methodologies.

Enhanced Pointing Capabilities

We assert that in future aerial combat, thrust—~vectoring-induced pointing of the nose/weapon of the
alrcraft at the adversary will be required to win, since pointing first means having the first
opportunity to shoot. Thrust vectoring may also become the standard technology to dramatically
increase survivability (1, 4, 3, 4, 5, 6) as well as STOL characteristics (1). Moreover, a number of
references [as reviewed in Ref. 1] stress the importance of TV to significantly decrease aircraft and
efflux jet signatures .

However, as it stands now, this technology iIs still in its embryonic state. While the pitch-only for
the pitch/thrust-reversal] TV now appears to be maturing, the most critical technology of simultaneous
yaw-pitch or yaw-pitch-roll TV is still far away from this stage. In light of the prolonged time
inherently associated with the advancement and maturity of such an engineering fleld, one may expect
its full exploitation only in the post-ATF era. Nevertheless, some of its proven elements may be
gradually incorporated in such upgrading designs as those feasible now for the current F-15, F~18 and
F-16, and perhaps also for other, older sircraft, having a thrust-to-weight-ratio above 0.6 - the value
sbove which, according to Herbst (6), combat effectiveness of vectored fighters becomes significantly
higher than that of conventional ones.




Technology Bettieneck

There is an inherent time-lag betwesn the pace of svolution, and maturity, of advanced propulsion
systems, and that of avionics. While the former shifts into a “new generation” every ten or twelve
years, it may take the latter only four or six. This means that & premature seiection of a TV engine,
may later become the bottleneck in the evolution of high-performance aircraft. Hence, the designers of
advanced (manned) airframe systems can test the integration of TV powerplants with advanced (]
systems, only during the last phase of the development/testing process of IFPC systems. However, the
TV-coupling coefficlents required for IFPC verification will not be available in time, unless simulated
first by the integrated methodology proposed here.

The Basic Definitions

Vectored aircraft may be divided into those that are “pure” or “partial™. In pure thrust vectoring
the flight-control forces generated by the conventional, aerodynamic control surfaces of the aircraft,
are replaced by the internal thrust forces of the jet engine(s). These muiti-axis forces/moments may
be simultaneously, or separately, oriented in all directions, i.e., in the yaw, pitch, roll,
thrust-reversal, and forward thrust coordinates of the aircraft, so 2 to significantly enhance the
aircraft flight control means both below and beyond the so-called “stall berrier”.

Since engine forces (for post-stall-tailored inlets), are less dependent on the external-flow than
the forces generated by the aerodynamic control surfaces, the flight-control forces of Pure Vectored
Aircraft (PVA), remain highly effective even bey : the maximum-Iift Angle-of-Attack (AcA), i.e.,
PVA are fully controlable even in the domain of Post Stall Technology (PST) . (AcA may be splitted into
conventional-AoA and PST-AoA. In our practice, AoA may be greater than 90 degrees.)

Therefore, thrust-vectored (TV) fight-control provides the highest payoffs at the weakest domains
of conventional fighter aircraft (e.g., at PST-AoA, low (or zero) speeds, high sititude, high-rete
spins, very-short runways, and during PST, Rapld-Nose-Pointing-and-Shooting (RaNPAS) maneuvers).

Consequently, subject to proper safety-vs-complexity reasonings, no rudders, ailerons, flaps,
elevators, and flaperons, are required for the flight-control of PVAs, and even the verticel
tail-stabilizers may become partially or fully redundant. Thus, by employing TV and Integrated
Flight/Propulsion Control (IFPC), PVA need no conventional tail'/vertical stabilzer(s), nor conventions!
aerodynamic control surfaces.

‘_—
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It should be further stressed that since the possibility of eliminating the vertical stabilizer can
reduce the total aircraft drag in Pure or in Pertial Sideslip Maneuvers (PSM), RaNPAS
{Rapid-Nose-Pointing-and-Shooting] maneuvers combined with PSM may not degrade aircraft's
energy/speed as much as a similar, high-drag, PST/RaNPAS meaneuver.

integrated laboratory/flight-testing Methedolegy.

Such concepts have been substantiated by this laboratory using a methodology of integrated
laboratory/flight-testing. This resulted ia the design, construction and laboratory testing of a family of
yaw-pitch TV nozzles. The nozzles were tested on a small turbojet engine [Marbore IIC) to evaluate
performance during yaw, pitch and yaw-pitch thrust vectoring runs.

The selected yaw-pitch TV nozzle was then scaled-down and instailed and flight tested on-board of a
9ftxdft, radio-controlled, thrust-vectored F-15/RPV model .

The TV-nozzles have been integrated with the airframe-structure so as to provide low drag penalty.
Simultaneous roll-yaw-pitch TV is provided by allowing yaw and pitch TV jet-angles to vary, during
flights, in the range of + 20 deg. However, all actual, high-performance meneuvers require less than
20 degrees deflection in the yaw-pitch coordinates. .

On-board computers and video-camera recording are used to compare the agility of the vectored
F-15 with that of the conventional F-15 RPV of comparable scale, with and without canards [as is the
design of the F-15 STOL Demonstrator].

Flight control was initially conducted from the ground by two radio operators, one using conventional
aerodynamic control surfaces, and the other only the TV nozzles. In later runs a new transmitter allows
simultaneous TV and conventional control of the RPV from a single portable flight-control board.

The flight tests have been conducted in Ein-Shemmer and Megiddo Airfields since June 1989. The
nose-pointing capability of the vectored F-15 RPV was significantly superior then that feasible with the
conventional model having the same thrust-to-weight ratio .




Missile/Aircraft Debated “Agility-Metrics®

Anticipating the Introduction of vectored aircraft, McAtee ( S ), has, in 1987, defined fighter
agility as composed of two complementary concepts : Maneuverability and controllability. PST
maneuverabliity is then called “supermaneuverability”, while PST controllabllity is named
“supercontrollability. Thus, according to McAtee, the qualily of fighter agility is the combination of
three (measurable) tasks/abilities :

1) - The ability to “outpoint™ the opponent (pointing at him before he points at you). This advantage must
be such that the opponent does not have the opportunity to launch his 'Weapon before he is destroyed.
Otherwise, with current launch-and-leave weapons, mutual destruction would result. It is, therefore,
the key ability to point at the enemy quickly to get the first shot (thereby reducing the sum-total of
delay-times, including missile locking delays and path/time of flight). This abilily is measurable in
terms of Turn Rate vs. Bleed Rate of the aircraft/missile.

2) - The ability to continue maneuvering at high-turn rates over prolonged periods to retain the
potential for performing defensive maneuvers, or make multiple kills when appropriate. |.e., to defend
against attacks from other aircraft, or to accomplish multiple kills if the opportunity exists, an “agile”
aircraft must be able to continue maneuvering at high-turn rates over prolonged periods. This key
ability s measurable in terms of Residual Turn Rate vs. bieed rate of the sircraft .

3) - The ability to accelerate rapidly straight ahead, so as to leave a flight at will, to regain
maneuvering speed when necessary, or to pursue a departing target when appropriate. This includes the
ability to disengage, or escape from a battie without being destroyed in the process, as well as the
acceleration necessary to “chase down™ an enemy that is trying to escape. This key ability is
measurable by acceleration vs. speed plots of the aircraft,




McAtse concludes that these three measurable tasks/abilities are crucial for success in modern
close-in combat. Thus, the critical design features for modern fighters are those that enabie the piiot to
command very high maximum turn rates over prolonged periods and to perform a 1-g acceleration.

Supercentrellability

Good maneuverability must be integrated with effective controllability, i.e., the ability to change
states rapidly (control power), and the ability to capture and hold a desired state with precision
(handling qualities). Traditionally controllability was thought to be degraded at either of two tonditions :
High Mach number, or high AoA . However, the introduction of PST and vectored aircraft technology
requires reassessment of the second condition. It aiso requires the introduction of new definitions,

standards and MIL specs.

Pilch and yaw control requirements increase with AoA , For a given roll rate, as AoA increases, the
requirements for pitch and yaw forces/moments (for non-thrust-vectoring aircraft), increase
exponentially. At the same time, with conventional aerodynamic controls, the forces/moments
avallable decrease as airspeed decreases. Thus, beyond a given limit, conventional control technology
becomes obsolete. This technology limit is reached when the size and weight of the aerodynamic control
surfaces needed to provide sufficient forces/moments become prohibilive. However, the introduction of
PST and vectored aircraft technology (together denoted by McAtee as the new domain of
“supercontroliability”), requires reassessment of all maneuverability and controllability concepts and
requirements.

Thus, according to McAtee, new point-and-shoot weapons have reduced engagement times
drastically, leaving aircraft with poor maneuverability and controllability at the mercy of those that
can use their agility to kill quickly during close-in combat. Vectored PST maneuvers may thus be
defined as supermaneuvers.

There are a few dozens candidate supermaneuvers, half of which may demonstrate a real combat
promise (1). Ref. 1 provides a few examples for combat payoffs during the proper use, at the proper

position/ timing, of yaw-pitch-roll thrust vectoring during “sngles” end “energy” Lactics. These tactics
employ supermaneuvers well beyond the current flight envelopes of conventional fighter aircraft.

Specific Agility Comparisens Preblems ia This Pregram

The main problems encountered in Phase VI [Chapter |, Fig. 1] may be grouped into 3 categories:




1) - The development of a realistic, cost-effective method to measure and compare the agility of two
different designs, say, a conventional vs, a vectored, or a semi-vectored vs. PVA. The problem,
however, is, that the very definition of agility is still being debated (3, 4, 10).

2) - The development of a cost-effective hardware to measure and compare the performance of two
different RPVs. For this purpose we have developed an on-board, light-welght, low-cost, “metry”
computer, which records flight data on its RAM. Our new computer is based on an advanced PC “card”
which has been considerably modified for this purpose and then combined with amplifiers and
analog~to-digital converters and various calibrated sensors.

[Our first computer records 32 channels every 0.1 sec. for 180 seconds - the net time required for
‘standard’ recorded maneuvers. The overall duration of each flight-test takes about 10 minutes.]

Combined with proper video recordings, this methodology saves cost, time and efforts. [Our inputs to
the computer RAM include: AoA, sideslip angle, 6 accelerometers, all nozzie/vectoring angles, all
aerodynamic-control-surfaces positions, speed, etc. ] Each data extraction set begins and ends by a
radio command, at the beginning and at the end of each specially-planned, " Standard Comparison
Maneuver” (SCM). Thus, each SCM-set is properly filed for later analyses in the laboratory.

3) - The aforementioned hardware cannot be applied without a proper software to feed, calibrate, file,
transfer, and identify the data extracted. '

F-15 Basline Comparisens

How to evaluate and compare the agility of different fighter aircraft? Or,what to measure, during
what kind of SCM, with what RPV, for what purpose, at what cost, under what similarity rules?

During Night-testing programs we compare the “agility" of a conventional F-15-RPV ("Baseline-1
RPV"), with that of s “canard—configured” F-15 (‘Baseline-2 RPV"), with that of “pitch-only™
vectored-F-15-RPV (“Baseline-3 RPV"), with that of “yaw-pitch® vectored-F-15-RPV (“Baseline-4
RPV™), with that of “simultaneous roll-yaw-pitch™ vectored-F-15-RPV, etc.

However, = - these categories may be further divided into flight testing vectored RPVs with or
without (full or partiall vertical stabilizers, rudders, leading edge devices, and also into other
subcategories involving, say, fixed or movable conventional aerodynamic control surfaces.
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Yaw-Jet Centrol During Ground or Low-Speed Handling

The yaw vanes provide excellent ground handling qualities. Thus, during taxiing, the flyer uses the
yaw vanes frequently to turn the RPV, as required. Similar advantages are easily obtainable at
takeoffs, or during landings, or PST, low-speed maneuverablly, e.g. during cross-winds at low
speeds, or during very'hlgh AoA flight [approach or low-speed, PST-maneuvers), when the rudder is
totally ineffective, the flyer can use the highly effective yaw vanes to obtain directional control at any
speed.

Prior to takeoff one must recheck the yaw-vane zero-angle with respect to the unvectored jet
axis. Even slight deviations from zero-angle setting cause large moments that affect takeoff direction
control and, in addition, cause thrust losses, Similar checks must be conducted with the pitch flaps.

Furthermore, prior to takeoff, the flyer must determine and select linear or exponentlal yaw/pitch
control sensitivuty modes. Especially on a hot day, the thrust of the engines must be measured just
prior to takeoff. [High air temperatures deteriorate the piston-engine power, the thrust efficiency of
the ducted fan jet, and the lift on the wings.]

Yaw-Jet Vs. Rudders Cont.ols

Due to the limited number of radio channels on our PCM transmitter [which has been modified by our
laboratory to function both in the conventional and vectored control modes, and also s a radlo on/off
commands to the onboard and ground-based computers - cf. Fig. 2, p. 12], we had to add a separate
transmitter just for the F-15 rudders.

Now, one does not have to use the F-15 rudders during takeoffs. The jet-yaw control Is much more
effective for that purpose and for ground handling maneuversbility and control.

However, during landings, when the engines thretile is reduced to idle, the yaw
thrust contrel is almast ntll. Hence, during this stage ene may need the extra moment
of the F-135 rudders.

For that purpose we added another flyer who Is equipped with a single [rudder ] channel on a second
transmitter, or have the main flyer hold a double-tray with both transmitters installed on it.
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Engine-Out and Other Emergency Situations

During the fight tests of the thrust-vectored F-15 RPVs, we had encountered with a few engine-out
emergency situations. The throttle of the remaining engine was then reduced to haif-power, and the
yaw-jet thrust control was found effective to bring the RPV to the final approach
attitude/aititude/speed. However, as explained in the previous paragraph, we had Lo use the rudders
during the landing, due to the final reduction of the throttle to the idle position.

Standdy RPVs and Onboard Cemputers

Unfortunately we had also encountered with other emergency situations, which had caused hard
landings on the runway, or on nearby cotton fields, and, alse a few crashes . These crashes
have twice ended-up with s tolal loss of the RPV together with its onboard cemputer.
Such losses produce long delays In the program [up Lo 4 or 6 months] and alse force
us to constantly build/test/calibrate standby RPVs and enboard computers.
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Chapter |V

EIV Vs ITV

[External Vs. Internal Thrust Yectoring]

ETV is considered now more as a demonstration method for flight-testing upgraded fighters with a
required level of PST-RaNPAS TVM performance, and less as a design/production option. However,
with diminishing budgets, some airforces may adopt this simple, low-cost method to upgride
low-performance fighters. In comparison with yaw-pitch, or roll-yaw-pitch 1TV, which is considered as
the only ultimate design/production option, ETV is based on a very simple, yet quite cost-effective
thrust vectoring devices which require almost no change in engine hardware. It is based on
post-noz2le-exit, external vanes/flaps/pedals.

Thus, ETV is accomplished by single, or multiaxis, post-nozzle-exit “vanes®, or curved pedals,
which provide yaw-pitch, or [twin-engine]l yaw-pitch-roll controliability (by deflecting the free jet
emerging from axisymmetric, or from unvectored 2D nozzies). This methodology is characterized by
the absence of (high-aspect-nozzle-ratio) supercirculation lift-gains; partial-dependence on the
external-flow regimes, low-efficiency in jet-defiection, relatively high RCS/IR signatures (especially
with circular nozzles), and longer over-all fighter lengths [Cf. the (DARPA-MBB-RI) X-31Al.

Nevertheless, the ETV-X-31 experimental fighter airplane [which is due to start flight tests around
June 1990], constitutes one of the most important and most promising test sircraft in the evolution of
vectored aircraft. Motivated by Herbst's ideas (1) the X-31's expected demonstrations in the new
PST-RaNPAS TVM domains would certainly become a most significant milestone in aviation history.

Another important contribution to ETV was recently made in NASA-Langley Research Center (1, 2)
and by Northrop (15). In one of the most promising designs (1,2, 15), post-exit vanes were mounted on
the side-walls of a nonaxisymmetric 2D-CD nozzle .

Partially Vectored Prepulsien/Aircraft Systems

Partial Jetborne Flight (PJF) may be defined as a flight In which elevons, ailerons, faps, canerds,
elevators, leading-edge devices, vertical stabilizers, rudders, etc., are still being used in conjunction
with a thrust-vecloring system. Most of the TV-methodologies assessed below, may be classified as
PJF, ¢.9., those assoclated with the ETV-X-31, the ETV-F-18, and the ITV-F-IS S/MDT programs. This
means that maximal maneuverability and controliability levels obtainable with PVA are reduced, to a




degree, by external-flow effects on conventional, aerodynamic control surfaces, especially in the PS
domain. '

Another objective of our programs is, therefore, to discover the Aane /idk technology limits of
vectored propulsion, using both laboratory and flight-testing methodologies. in the near future we may
thus prove whether or not the fight/propulsion control during PJF is more or less safe/complicated
than that feasible with PVA.

Other By-producis of this program may also reflect on the following assertions:

1) - PJF with partially-vectored F-15 RPVs involves too many varisbles, most of which are
redundant.

On one hand , leaving the multiple aerodynamic control surfaces operative, adds safety, in case of
total ITV or ETV failure . On the other hand, the redundency involved, in comparison with PVA, may
decrease safety and increase complexity beyond actual needs.

2) - A religble IFPC system for PJF may have to to overcome the lack of proper definitions of the
relevant variables involved. However, inspite of extensive NASA and industrial work in this field, there
is yet no experimental Database for the proper range, limits, and coupling effects among these
variables during actual propulsion/flight control. The main reason for this lacuna is the redundency of
conventional aerodynamic variables and the high-cost, time-consuming efforts to flight-test manned,
thrust-vectored fighters.

Hence, it i3 here that a properly-designed, highly-integrated, laboratoty/flight-testing methodology
may be highly cost-effective in establishing the yet-unknown technology limits, and in supplying
preliminary IFPC-databases within the next few years.

IFPC

Vectored propulsion design should be based on new propulsion/flight control laws such as:

1- New TV-engine control rules and standards, in particular new nozzle and new inlet rules.

2- New TV-flight-propulsion rules for PST/PSM/RaNPAS maneuvers.

3~ New TV-flight-propulsion rules and standards for takeoff and landing. [E.g.. turning the jets up first,
and, then, following aircraft rotation, turning them down for extra lift by direct engine force and, in a
few advanced designs, also by supercirculation (3)].

4- New Coupling Rules, e.g., Directional Thrust Vectoring (DTV ) to aileron cross-feeds to correct DTV
coupling Into roll; Lateral-directional cross-feed paths to provide stability-axis rolls with high AoA;
Longitudinal TV gains vs. the longitudinal system loop, elc.
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Chapter ¥V

Tentative Concluding Remarks

1 ~ The research methodology employed here has been described in the previous chapters. Additional
considerations, drawings and detalls are available in our previous reports and video cassettes as well
as in Ref. 1 [p. 54).

2 -~ Subject to remark No. 1 we list below the general and technical conclusions as tentative remarks.
These remarks may be considered together as a single methodological entity. Their verification is the
subject of next-year efforts, especially in terms of accuracy and repeatability .

3~ The feasibility of yaw-pitch thrust vectoring nozzles for the F-15 configuration [and  one or two
of its combat potentiais], has been demonstrated in laboratory and in repeated RPV flight tests [so far
without a canard].

4 - The cost-effectiveness of integrated lsboratory/RPV-flight-tests has been demonstrated.
However, many technical and methodological problems are yet to be resolved.

S ~ F-15 fighter aircraft can be upgraded by transforming its engine nozzles into (axi or 20] yaw-pitch
thrust-vectoring nozzles. Additional gains in performance and reduced signatures are extractable from
our newer roll-yaw-pitch, high~aspect-ratio nozzles {Appendix Al.

6 ~ Good controllability and rapid nose turns are obtainable during conventional and PST maneuvers,
{So far we have Lested the F-15 up to about 80 - 90 degrees AcAl.

7 - Excellent recoveries from spins have been demonstrated by the use of the yaw-pitch vectoring
nozzles. [No recovery from these situations was apparently possible with conventional conrol
surfaces.]
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8 - We have also been able to demonstrate, in flight, the so-called COBRA maneuver. |t was
repeatedly demonsti-ated by means of our thrust-vectored F-15 RPV. During these repeated maneuvers
the AoA was continously maintained at about 80 degrees. This attitude was maintained unchanged for a
few seconds without a noticable change in altitude. Then, at the end of the maneuver, the nose was very
easily thrust-vectored down with the help of the.thrust vectoring nozzles. Rapid nose-pointing
capabilities, to negative AoA or Lo positive AoA has been repeatedly demonstrated with PROTOTYPE No.
7 on Aug. 27 in Meggido airfield. [Cf. the (Aug-Sept—Oct-89) video casaette No. 1, which
is part and parcel of this report].

9 - Due to debated agility concepts [p. 47), and as a resull of specific difficulties associated with
different Baselines [p. 18] using the same yaw-pitch, PST-TVM [Ref. 1], we plan to develop, during the
next year of the program, STANDARD-AGILITY-COMPARISON-MANEUVERS [SACHMI.

10 - Validation attempts of 9 will be conducted in July 1990, in the presence of the Project Maneger
and his associates, and will continue during 1990-92 as our post-flight analyses become more
realistic and reliable for fullscale conclusions.

11 - Ac far as we can see no clear-cut advantages of vectored over conventional fighters, and of
yaw-pitch TVM over pitch-only-TVM, can be demonstrated without SACM and repeatable,
statistically-verified, experimental data bases. .

Furthermore, no IFPC system may apparently be designed to be useful without SACM and such
experimental data bases. The present methodology provides an effective, low-cost, and relatively
rapid solution to some of these fundamental problems.

12 - Excellent ground-taxiing control, and very good low-speed, high-AoA-handling, have been
demonstrated by the use of two yaw vanes for thrust control. The yaw vanes must be coupled to and
coordinated with pitch-thrust-vectoring-fiaps flight-control commands. Four or six yaw-vanes-doors
[p. 551 may, however, become the best choise for future yaw-pitch thrust-vectoring nozzles, as
evaluated now by means of our [cost-sharing), full-scale engine test rigs [p. 21al.

13 - A low-degree of yaw and pitch control sensitivity is sufficient for all TVM. Very powerful
moments are generated by geometric/effective deflections of less than 10 degrees (Cf. Figs. 8 to 17
on p. 23 to 32).

14 - STOL advantages have not yet been demonstrated. Its evaluation is postponed LI} we install the
25%-more-powerful-engines on our light-weight, 2nd-generation F~15 RPV [see below).
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15 - The yaw thrust-control is especially useful during takeoffs and landings at high crosswind speeds.
However, if the mechanical control of a single yaw-vane is lost, the free vibrating yaw-vane in the
eftux jet stream can cause catastrophic resuits during takeofY, as had been twice encountered during
our past flight tests.

16 - Three complementary test methods have been developed for high-alpha F-15 inlet feasibility
studies. Each method has its pros and cons. All combined, they are designed to provide initial estimates
of the gross effects of high AocA [up to about 90 degrees] on Distortion Coefficients {DC1 and Pressure
Recovery [Pr] at the “compressor's-face-station” of current F-15 inlets. Such gross effects, as
deduced from the combined test results extractable from the three complementary methods, are to help
initial, conceptual/preliminary designs of new ideas for “vectorable™ inlets. A few examples of such
unorthodox ideas are schematically shown in pages 108 to 115, while the three complementary test
methods are described in Chapter | : Qutline.

17 - The preliminary subscale-test-data indicate that a considerable deterioration of F-15 inlet
performance is to be expected beyond about 60 degrees incidence. This phenomenon dictates the
introduction of variable inlet lips/vanes, as will be investigated during the next phases of this program.

18 - The data presented on p. 174 can be used as a Standard for generating DC and Pr maps of
deviations from Takeoff-Baselines [p. 156] due to high-incidence-inlet-angles. This approach is
incorporated now in our new computer programs for plotting PST-inlet performance.

19 - The search for optimal [vectorable) inlet lips and/or variable inlet vanes for PST F-15 inlets will
become a central goal of the 2nd-year inlet work. However, so far the last method described on p. 21a,
l.e., flight tests of PST-inlets onboard an F-15 [1/7th-scale] RPV, has encountered weight/agility
penalty problems. These problems may be resolved by the development of low-weight scanning valves
or low-weight pressure transducers in the range 0.0 - 0.15 psi fuli-range.

20 - Further studies are required to demonstrate [TV-controlled] F-15 RPV flights with partial or no
vertical stabilizers, and/or with canards, and/or with advanced, yaw-pitch-roll thrust-vectoring
nozzles [with NAR in the range of SOI, replacing the entire tail section of the F-15 RPV [Appendix A .

21 - The 2nd-generation F-15 RPV [PROTOTYPE 17] weighs only 13.2 kg [without fuel] a3 compared
with 16 kg [w/o fuell of PROTOTYPE 7. In a cold-day this means T/W- 2x5.5/13.2-0.83 vs
T/W=2x5.5/16=0.69 for the 1st-generation F-15 RPV. These ratios are lower in hot weather and at
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the beginning of the flight test [which lasts about 8 minutes]. To Increase these ratios, as well as speed
and safety, we have ordered now a new set of 25%-higher-power-engines (The 0.5.-9 1VR-DF, which
are new on the market and are now the highest-power ducted-fan engines available. These new engines
will replace our currently flying 0.5.-77VR-DF.]. The new engines are therefore expected to
considerably increase our T/W, speed and safety. They would arrive to the JPL around June 1990.

22 - Extensive reviews of previous works have been completed.
. These reviews are avaﬂap!e in Appendix B - Part 1, as well as in our new book. Thcy‘ cover the
following areas:
- New thrust vectoring nozzles for partlially-vectored fighlers.
- New thrust vectoring nozzles for pure-vectored fighters.

- New inlet designs for PST fighters [Appendix B-PART 1 in Lhis report].

- New PST-TVM-RaNPAS methodologies during alrcombat.

- Propulsion technology limits beyond the year 2000 [Appendix B in the book ).

- The definitions of Agility, supermaneuverability and supercontrollability {Also available in Chapter
I, p. 47, of this report].

- Different International methodologies [Also available in Chapter I, p.43, in this report).
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The rotatable pressure probes, at "Stations 2" of the “subscale" T-'3 inlet
are used to evaluate Distortion Coetliclents (DC) and pressure Reco.uery (8

during PST, and vectorable flight simulaticns (See aAppendix B),

f

The 28 pressure probes are rutated up to 80 dearees for a "full-coverage" o

the cross-sectional area at "engine-ccmpressor-face®”.
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APPENDIX A

How can a Yaw-Pitch Vectored F-15be ypgraded to Become Roll-Yaw-P4itth Vectored,

PST-RaNPAS F-15 Fighter ?

1. The Major Problems:

1.1 The main text, the figures, the pictures, the video rassettes and our
previous Progress Reports describe our current efforts with low-AR,

yaw-pitch, thrust-vectoring F-15 RPVs.

These efforts have clearly demonstrated the poor performance of roll thrust

vectoring during flights,

To improve thrust-vectoring roll agility, one must increase the roll arm
from aircraft longitudinal center-line to mid-nozzle, i.e., to increase

the nozzles AR.

1.2 The aforementioned improvement may be combined with reduced RCS/IR signatures,

provided the following design objectives are met.

Design Objectives for Stealth R-¥~P, PST-RaNPAS F-15 :

The new idea is quite simple:

Replace the current horizontal stabilizer/elevators with a high-AR Roll-Yaw-
Pitch (R-Y-P) nozzle as shown in the drawings and pictures depicted in this

Appendix.

Specifié objectivesgeometry considerations, etc. are enumerated below.

Much of this preliminary effort has been done by Raphi Berkovitch and
Shaul Sapir, 2 Pilots-Engineers who, as students, have worked on these

subjects during 2 semesters.

Listed below are their list of specific objectives.

Berkovitch and Sapir's Report to Gal-0

o - —— e

3.1 Performance test of the nozzle with Pitch-Yaw and Roll capability
(Subscale and"full-scale").
3.2 Relatively low weight.

3.3 External and internal Aerodynamic shape (horizontal stabilizer) so as to

provide low drag (see Fig.3).




————
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3.4 No deviation from the elevator's datum line and the fuselage line (Fig.4)
3.5 R.P.V. Control capability during no-engine approach (emergency landing) by
aerodynamic forces created from the nozzle shape and the Pitch/Roll flap§.

3.6 Minimum airflow loss in the nozzle to obtain maximum thrust relative to

the axisymmetric nozzle.

3.7 The flow cross-section along the nozzle (in the down-stream direction)

i5 decreasing montonously and its dimensions will be specified below.

3.8 Uniform mass flowrate through the exit cross section, i.e. evenly

distributed mass flow rate through exit cross-section.

3.9 Thrust-roll capability by differential banking of the Pitch/Roll flaps.

4. Considerations for high-aspect-ratio exit-cross-section nozzle

4.1 Low "infra-Red" (IR) and RCS signatures as compared with the axisymmetric
nozzle,with a similar thrust performance,can be accomplished by the heat

dispersal across the nozzle width.

4.2 The new nozzle is relatively thin. This provides a reduced aerodynamic

drag. The new nozzle also functions as a horizontal stabilizer.

4.3 The roll capability, by differential banking, of the Pitch/Roll flaps
at the trailing edge (See Fig. 3 ) is improved.

4.4 The roll ability in a conventional airplane is poor at high-angle-of-
attack as a result of the wing stall. But here the speed and the angle-
of-attack do not have any effect on the roll moment, which exists even

at very-low-speed.

4.5 The width of the flap gives the nozzle the quality of a horizontal
stabilizer (the nozzle is similar to the elevator sjze. It glme gives
the possibilfity of using the flap for thrust vectoring and controlling

the airplane during no-emgine approach, as two aelevators.

4.6 By vs3ing this kind of flap we disc-ard the conventional elevator/

conventional horizontal stabilizer.

5. Bdditional Geometry Considerations

5.1 The R.P.V s sizes and data are given in the Figures.

5.2 The engine requires Fan's cross-section area whose diameter is #=160 [fim].

5.3 The transition from circular-cross-section (engine's fan) to rectangular

cross-section (. nozzle inlet) to rectangular cross-section at exit, has
been designed and comstructed.

e




—

5.4 The size of the nozzle part which is ipnside the P.P.V.*s body is

limited to the R.P.VSs volume (Fig. 1, Fig. 4) and current external skin.
5.5 The size of the nozzle part which is outside the R.P.V. is similar

to that of the elevator/horizontal stabilizer projection (Figs.1,4 ).

5.6 The engine start-up will be carried out through an "entrance duct” in
the upper side of the nozzle,by a shaft 90° perpendicular to the Fan's

axis.

6. Flow Considerations

6.1 The Fan's cross-sectional area A-A is 201[cm2].
6.2 The exit cross-section area F-F, according to the engine producer (to
obtain maximum thrust) is A=113[cm?].

6.3 The flow guiders divide the flow and create homogeneoug flow across

the nozzle exit cross-section.

6.4 The flow diversion is done through circular profiles and not through

edge corners,

6.5 The nozzle's trailing edge has been constructed . by means

of a circular/triangle profile.
. o
6.6 The cross-section area along the nozzle is decreasing monogGOusly to

minimize flow energy losses inside the nozzle.

6.7 The depth of the flap was planned so as to achieve Pitch controllability
by aerodynamic forces only in the case of engine shut-down (emergency

landing).

7. StructurAl considerations

7.1 The nozzle skin is made of fiberglass coating on thin wood 0.6-0.8[(mm].
7.2 Profiles are made of Balza 6 [mm] with a coating.

7.3 The fibre direction in the nozzle part was chosen so as to get maximum

strength.

7.4 Along the triangle profile we provide an internal backing to avoid

cross-section reduction near the trailing edge.

7.5 The internal surface of the nozzle is coated to protect the wood from

moisture and oil.

7.6 The outersurface of the nozzle is coated with fiberglass for sealing and

additional strength.

———_
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8. Nozzle Performance

8.1 The yaw force is created by 8 rotatable internal vanes located close
to the exit cross-section. The vanes are connected to a single drive-
control servo.

8.2 The pitch force is obtained by rotating the flaps.

8.3-Roll force is generated by opposite rotation of the flaps of the two

nozzles.

THIS NEW NOZZLE

IS ALSO
PATENTABLE,
USAF INSTRUCTIONS

AS TO PROTECTIONwQF
THIS PART OF
THE PROJECT BY

PATENTS ARE

REQUIRED,
et il P ny




Fig. A-1 :

Proposed F-15 Yaw- Pitch-Roll
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Fig. A-4 : Elevator-less, yaw-pitch-roll F-15 RPV,
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The Roll-Yaw-Pitch Thrust-Vectored F-15 model prior to wind-

tunnel tests.

The Roll-vYaw-Pitch Model 1nside the subsonic wind-tunnel test

chamber.




Rami aristoraz and Yoav Oren with the Roll-vYaw-Pitch Thrust-Vectored

P13 model.

cape Jtow ot the BOY-RP model inside the w1n4gLunnol. Note Che chanae

Coorcular cndine cross. sectienY high caspect rat 1o rectanauiar.,
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The next figures (1a, 1b and 1c) present the typical streamlines for subsonic
and supersonic inlets, assuming the reader is familiar with the fundamentals

of flow in inlets. The figures are shown mainly as a matter of establishing the
terminology to be used later during this research project.

——%

(a) High speed or low mass flow . (b)v Low speed or high mass flow

Fig. 1a - Typical streamline patterns for subsonic inlets.
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Fig. 1b

An example of conventional technology, variable-geometry inlets. Such inlets must be modified and redesigned for PS1. (Depicted are the F-14 and the
B-1 engine inlets). Note the rotatable vanes at the lower wall of the B-1 inlet, and at inlet lips.




CURVED RAMP

1/4 AXISYMMETRIC (F111)

~ Varisble geomatry examples. Axisymmatric type.

ROTATING FORWARD INTAKE

Fig. 1c

The definitions of inlet states are given below by eq. 1 , where ETA is the isentropic
efficiency and the subscript 0 refers to stagnation conditions, Pr to pressure
recovery, Mr by eq. 1 and Fig. 2.

ETAd=((PO2/Pa)r ((Y-1)/A)=1)/( (¥ -1)/2)*M*2) Eq. 1

Mr=AQ/Ae Eq. 2

Fig. 3 shows Pr as a function of Mr.
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APPENDIX 8 Part 1

INTRODUCTION TO HIGH ANGLE-OF-ATTACK INLETS

INTRODUCTION

The aim of this introduction is to present the general background on high AoA
inlets, their internal structure, and the problems they present to the designer

of thrust-vectored, post stall fighters.

The first figure presents the problems encountered with inlet/engine integration.

Spillage drag
Interference l Internal
with external \‘ performance
flow ‘ (total pressure
Inlet / recovery)
engine/
Inlet. bleed | airframe
requirements integration :
Inlet/engine

Bypass flow / /Y airflow matching

Flow distortion
at compressor face

a) steady state
b} time-variant

Fig. 1 - Problems encountered with inlet/ engine integration
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PR \ SUBCRITICAL
INTAKE CHARACTERISTIC

Fig. 3

DISTORTION COEFFICIENT

This is one of the most important parameters to be evaluated in these studies.

It has a number of definitions; eq. 3 (British mainly), where the number refers

to the sector degrees in station 2.

Pi2min is the minimal value of the pressure at station 2, while Pi2avr is the

average value of the pressure over the entire cross section of the inlet in station 2.
g2avr is the value of the dynamic pressure in that station.

Typical values of DC60 are shown in Fig. 4

The measurement of all distortion coefficients is being done by a standard device

as shown in Fig. 5.

P|A Rj=

ENGINE-FACE

Fig. 4 - Engine face Mlow distortion index,




STEADY AND
UNSTEADY

Fig. 5

DC60=((PiZmin)66°—PiZavr)/qZévr Eq. 3

RADIAL DISTORTION COEFFICIENT

This is defined by eq. 4.

Kra=(E(Pi2avr-Pj)*1/Rj)/(q2avr*31/Rj) Egq. 4

OTHER DEFINITIONS OF THE GENERAL DISTORTION COEFFICIENT

Egqs. 5 and 6 are alternative definitions where Aj is the distortion coefficient
in a ring of radius Rj.

Eq. 7 provides another alternative where SA is a coefficient related to a
specific engine.

Ke=(2Aj*Wj/Rj)/(q2avr*eWj/Rj) Eq. 5
Ka=Ke+Kra Eq. 6
IDCj=(Pijavr-(pimin)j)/Pt2avr*sa Eq. 7

THE DISTORTION COEFFICIENT EMPLOYED IN THESE STUDIES

This coefficient is defined by eq. 8, where
PT2max is the maximum pressure for the entire cross-sectional area in station 2.
PT2min is the minimal pressure for the entire cross-sectional area in station 2.

PT2avr is the average pressure in the same crossasectional area.

DCaKd=(Ptmax-Ptmin) /Ptavr Eq. 8




BUZZ START

Piz

Pip LIMIT
OF CHOKING

N

SUPERCRITICAL PHASE

Pis < P;2 CHOKING

Fig. 6 - Buzz cycle

INLET PRESSURE RECOVERY - Pr

This parameter (the ratio between the total average pressure at inlet wosfreem, to
the average total pressure at compressor inlet [station 2]), is the 2nd most
important variable for these studies.

Fig. 7 shows the influence of inlet shape on Pr.

Fig. 8 shows Buzz limit vs. inlet airflow.

Fig. 9 shows the variations of Pr for the F-111E aircraft also as a function of the
Mach number.

Fig. 10 is another interesting example which demonstrates the effects of blunt
or sharp leading edges.

The length of the inlet is also important, the longer it is the better is the
disturbance dumping.

However, other overall design limitationsof the aircraft dictate an optimal length.
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IDEAL PRESSURE RECOVERY (FRICTIONLESS)

[ TWO OBLIQUE SHOCKS
+ ONE NORMAL SHOCK
C ONE OBLIQUE SHOCK
+ ONE NORMAL SHOCK
PITOT |\ rake
(ONE NORMAL SHOCK)
1 ] ]
0 1 2 3
FLIGHT MACH NUMBER -
ldeal pressure recovery
PRESSURE RECOVERY
or
BUZZ LIMIT
09}
CURVE FOR— 1
A HIGHER |
RAMP ANGLE |
|
—A\— ' J
90 00

1
INTAKE AIRFLOW %

Performance of a ramp-type supersonic intake

Fig. 7

Fig. 8
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PRISE D'AIR DROITE BISEAU (¥.30") PRISE D'AIR DROITE

BOURRELET

AP 1002
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)

Fig. 10 +~ Pressions d'srrt Moysnnes.

Ela. 9 — Presslons d’srrdt moyerines.
M, M,~0,6 X/D = 8

M;~0,6 X/D w4
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FALL-OFF DUE TO
TURBINE TEMPERATURE
LIMITATION

 FLIGHT MACH NUMBER (AT SEA LEVEL)

FLIGHT MACH NUMBER (AT ALTITUDE)

"~ Airflow matching diagram
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Under Wing

Under Strake

Under Fuselage

Shielded intake location
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High response
total pressure
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To mass flow
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™MBB Model Configuration MBS Auxitiary Intake Variation

(Strake Configuration)

Intake under Fuselage

LRt
- e

1 St Test Phase

{ntake under Strake m

Test Phase (Delta-Canard Configuration)

nd
2

MBB Model configurations
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Flight Mach number; Mg
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Concluding Remarks Extracted From

Previously Published PST-Inlet Works

The most important conclusions are deduced from the recent MBB studies

(especially from the figures shown in p.99 to 103). These conclusions

have been employed in the design of the EFA.

The conclusions are:

1)

2)

3)

4)

5)

6)

7)

8)

The inlet-under-fuselage is the best choice for PST inlets (p.100-103)

Inlets-under-strakes provide longer ducts with good pressure recovery

values (p.101).

With the help of an Auxiliary Air Intake Variations (AAl) shown

on p. 100, a reasonable Pr can be maintained up to 100 degrees

AoA (with under-fuselage-location) and up to about 70 AcA with
under-strake-location (the last design option was not tested beyond

70 deg. AORA).

20 degrees yaw-flight angles can be maintained at M=o0.0 to 0.5
with AAI. Under fuselage-location provides better performance

than the under-strake location.
The effects of canards on Pr are shown in p.102.

The best inlet performance is obtainable with rotatable inlet lips

(p.103).

Engine-face-turbulence increases considerably with internal Mach

number, but only slightly with AocA (p.103).

Using these conclusions one must design new test rigs for
upgrading existing (side-mounted), F-15 inlets to become effective
PST-Inlets.

Such preliminary efforts are described in p.2D to 21b,and below

(Appendix B - Parts 2 to 7).
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APPENDIX B ; PART 2

By Ido and Roni

. F-15 Inlet Test Rigs For PST Simulations
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APPENDIX B - PART 3

A Number of Conceptual Configurations

For "Vectorable" PST F-15 Inlets

These configurations may be compared with the ones shown in pages

100 to 103.

The first configuration to be tested during the next stage of this

research is the variable lip configuration. A primitive fixed lip (called

"shelf") was installed during the preliminary calibration tests depicted
on pages 118 to 150.
However, the tests should be resumed with the suction blower operating

at various AoA and inlet Mach numbers.
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APPENDIX B - PART 4

Subscale Calibration and Preliminary Test Results

For Current "Unvectorable" F-15 Inlet

at Zero and High Incidence Angles

(Conducted by Ido Fenygstein and

Roni Sade)

The limitations of the subscale experimental evaluations are discussed
in pages 21 to 21a. Due to these limitations we shall rely mainly on the
full-scale test results and émploy the following subscale test results
only as rough indicators. For the acw test standards se% P74,

For the definition of KD see eq.8,p.84.

Pr is the inlet pressure recovery defined in p.8S5.

Examples of Pr variations with % of engine design flow are shown

in p.87

In the following diagrams "Comp". means the level of blowing-fan-mass-flowrate,
as calibrated in the laboratory, i.e., increasing numbers from 1 to 3 increase
the flow rate. ci- E‘ 56 .

("Shelf" means a primitive inlet lip whose angle with reépect to the free

flow varies between 0,75 and 100 degrees.

Aircraft AoA-Yaw envelope at low speed is shown in

page 93. It has also been discussed in Appendix F of our book.(1).

Effects of incidence angles (from -10 to #30 degrees) for various inlet
configurations is shown in p.95. Streamlines for high-alpha intakes are

shown in pages 96 to 97.

Examples of variable lips/vanes investigated at MBB for the EFA are shown

in pages 100 to 103.

Turbulence [TRMS] is a third parameter to be investigated during the next

year of this investigation.
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Tentative Concluding Remarks (see also p.20-21a)
- The distortion parameter Kd increases significantly beyond 60 degrees
AocA (alpha). See eq.8, p. 84

- The pressure recovery decreases significantly beyond €) degrees AoA(alpha).
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Graph 2

Tentative Concluding Remarks (see also Graph 1):
Beyond AoA 60 degrees both the distortion parameter Kd and the pressure

recovery Pr begin to deteriorate the F-15 inlet performance.
A primitive inlet lip (“shelf") tentatively appears to improve inlet
performance.

However, these are only preliminary calibration tests with the suction
blower closed.
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Graph 3

See the Notes On Graphs 1 and 2 (P ny)
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(Pi2rmax—Ft2min)/Pav

Distorsion prin.
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Graph 4

See the Notes On Graphs 1 and 2 (P. N7)




- 121 -

Distorsion prm.

(Pt2max—Pt2min)/Pt2av

3

Vs. Shelf angle’

comp.=1;2, Alfa=90 deg.
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Graph 5

See the Notes on Graphs 1 and 2 (p W7)
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Distorsion prm. Vs, Shelf angle.
comp.=1;2 Alfa=60 deg.
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See the Notes On Graphs 1 and 2 tp 117
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See The Notes on Graph 1 and 2 (P W7
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See The Notes On Graph 1 and 2 (P-“7)-
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Graph 9

Preliminary Calibration Tests For the Expected Range of Pr for
AcA = 0 and AoA = 90 degrees.

These preliminary data support the tentative conclusions resulted
from the previous graphs regarding the drastic deterioration of F-15

inlet performance beyond 60 degrees AoA.
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See Notes on Map 1 (p.j33)
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See Notes on Map 1 (p 133)
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See Notes on Map 1 (P.|33)
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Pres. . Recovery Vs. Angle of Attack.
Effect of Comp. on Pr.
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See Notes on Map 1 (P.IB)
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See Notes On Map 1 {PJ&))
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Graph 16

See Notes on Map 1 ((3.139
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ANGLE - OF- ATTACK=0 [deg]
.CUNDQECSIGN 1" ,'SHELF=0 [deq]

Map 1 Prelminary Probes Tests /Gl brmdions

For cur new “Mep standard’ see p.i74. For
3eneral Notes and Remarks see also p.20-21a .,

For definitions see p.83. For test limitations see p.20-21a.
"Shelf" means a primitive inlet lip whose angle varies with respect
to the free flow?"COMf." See blowng postion on psH.

All the test results reported in Maps 1 to 18 are preliminary
calibration tests. They would be repeated with and without the
suction blower (c§. p.1se , P. 174, p. 1S 8~172).

The cross-sectional areas with maximum distortion levels are

made darker for comparisons with the other maps. However, all the

results shown below are highly tentative and need statistical/

operational verification CF. p-1S6—-172, p. 'Jﬁ .

The next tests will be conducted with various

engine throttle simulations(C}-P.lS( and £ ‘j74 )
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HNGLE OF-ATTACK=0 [degl .
COMPRESSION=2 ,,_;HELF g [deg]

Map 2

See Notes on Map 1.
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ANGLE-0F-ATTACK=0 [d
COMPRESSION=3 "SHELF=0 E[?:i]eq]‘

Map 3

See Notes on Map 1.
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ANGLE-OF-ATTACK=30 [degl
COMPRESSION=1 ,"SHELF=0 [deq]

Map 4

See notes on Map 1
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ANGLE-OF-ATiACK=40 [deg]
COMPRESSTION= ffHFLF—ﬂ [deq]

Map 5

See Notes on Map 1
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ANGLE - OF - HTTm!V 60 [deq]l
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Map 6

See Notes on Map 1.
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Map 7

See notes on Map 1.
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Map 8

See Notes On Map 1.
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_ANGLE-OF-ATTACK=60 [deg]
COMPRESSION=1 ,SHELF=Y5 [deg]

Map 9

See Notes On Map 1
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ANGLE -OF-ATTACK=60 [degl -
COMPRESSION=2 ,SHELF=75 [deg]

Map 10

See Notes On Map 1
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Map 11

See Notes On Map 1
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Map 12

See Notes On Map 1.
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See Notes On Map 1.
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See Notes on Map 1.
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See Notes on Map 1.
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Map 17

See Notes on Map 1
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APPENDIX - B -~ PART 5

INFLIGHT MANEUVERING BENEFITS

Aircraft Pitch Control

Currently, to benefit maneuvering performance and agility, advanced tactical aircraft
are designed for fairly large static instability margins. Unfortunately, when
operating at high angles-of-attack, where aerodynamic control surfaces offer little
if any nose~down pitching moment, such advanced aircraft designs are especially

prone to deep stall, spin, and departure. A solution to this operationa% dilemma
appears to be offered by the multifunction advanced exhaust nozzle confhguration.

By employing thrust vectoring control power, the high angle-of-attack maneuvering
effectiveness of the advanced aircraft can be preserved and post stall control

of the ailrcraft becomes possible. For illustration Fig. 1 shows the effect of
angle-of-attack on the pitching moment characteristics of a baseline aircraft
configuration operating at Mach 0.4 and 20,000 ft altitude. As shown, with the use

of canard power only, nearly all nose-down pitching moment capability is lost in

the 30° to 60° angle-of-attack range due to canard stall. This clearly represents

a critical deep stall regime for the aircraft. Effective operation in this regime
appears possible, however, when thrust vectoring is employed. As shown, a 30°
effective nozzle deflection at maximum afterburning power setting produces a
nose-down pitching moment equal to that produced aerodynamically at very low angles-
of -attack. More than emphasizing the important potential role of thrust vectoring in
pitch initiation and aircraft control, it is implicit in the illustration that thrust
vectoring can permit aircraft designs having margins of static instability consistent
with superior sustained maneuver performance. 3

90~ MAX NOSE.UP / ’1
B N
. CANARD o~Lv\~/ £~ MAX NOSE-DOW
wf ° byto / ,I * CANARD OWNLY
] * byco0
/ ,
70 - Fi
/ ’
/ ’
[ 13 3 Yy
e / 4
Q !
x gol- 7/ \ THRUST VECTORING
< 1 EMPLOYED
£ / |
< a0p | ¢ MAX A/B
'Y . Iv =30
Q 1
et 1
Qo o
: N\ \
20t AN \\
AN \
Y
'°F \ \
]
\ "
oL i
[ S— 1 1 1 1 1

e os o4 n2 0 02 -04 06
PITCHING MOMENT COCF [

Fig. 1 Role a1 thrust vectoryng for artrcrafe

prte)s control g g combat mancuver ooy
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To examine the dynamic stability characteristics involved in using thrust vectoring
for deep stall avoidance, a digital simulation methodology was employed by Grumman,
resulting in the time history data shown in Fig. 2. In the simulation the

aircraft was subjected to an incremental 4-g step input of 2 sec duration, causing

an upright stable deep stall. The stall characteristics are displayed through the
high angle-of-attack oscillation, altitude loss, and speed decay time histories shown.
Superimposed on these results is the behavior experienced when thrust vectoring is
implemented in conjunction with an ideal auto-throttle. The nozzle deflection was
prog.-ammed to vary linearily from 0° to a maximum of 33.5° as angle-of-attack increased
from 18° to 28%, aad the auto-throttle was programmed to advance power as requived

to maintain constant airspeed.

- ~l o -
PRI RS AN

A

OEEP STALL WITH
NO RECOVERY

ANGLE OF ATTACK, DEG

....... WITHOUT THRUST VECTORING

THAUST VECTORING (0° TO 35°)
WiTH AUTO THROTTLE

~ ALTITUDE, FT

e e T w e e - ce

viiocity, Fuisec
~
8

Fig. 2 Role of thrust vectoring in deep-stall
avoiddnce.

The results of this simulation dramatically demonstrate the longitudinal control
advantage available through thrust vectoring with positive control maintained
throughout the flight maneuver.

Direct Lift Control

For a trimmed aircraft in level flight with undeflected exhaust nozzles, significant
canard power for pitch control is normally available. By exploiting the excess canard
power, while simultaneously employing exhaust nozzle thrust vectoring to maintain
trimmed flight, incremental load factors become available to produce aircraft flight
path change without pitch plane rotation. In an air combat engagement, the resulting
direct lift control can offer future tactical aircraft at least two important
potential advantages:

- Initiation of flight path change without visual clue.
- Preservation of nose pointing during flight path change.
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Additional direct lift control advantages which can be identified for tactical aircraft
operating in the penetrator role at low altitude include:

- Fight path conformance for terrain following/avoidance.
- Weapons delivery "pop-up" maneuver.

Thrust vectoring provides the potential for supplying significant additional
control power to preserve high angles-of-attack and post-stall mancuvaring
effectiveness.

Use cf thrust vectoring in conjunction with excess canard power has the potential to
provide aircraft direct lift control advantages important to air combat superiority.
such advantages include surreptitious flight path change, sustained fuselage nose
pointing, terrain following/avoidance capability, and weapons delivery "“pop-up”
maneuvering.
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Appendix B - PART 6

Sub-scale Laboratory Tests of Distortion and Pressure Recovery

Coefficients for F-15 Inlet at Various AoA

Written by Dr. Valery Sherbaum in association with Dr. Alexander

Rasputnis.

- For definitions seep.155. Additional definitions are provided

in p. 83-85,
Objectives:

1. Design, construction and testing of sub-scale F-15 inlet test

facility.

2. Design, construction and testing of full-scale F-15 inlet test

facility using Marbore I1IC jet engine.

Limitations on the experimental evaluations of these objectives are

discussed in pages 20 - 21a.

PRELIMINARY TEST RESULTS

The following figures provide preliminary test results obtained

from our subscale test rig. Table 1 summarizes the over-all results.

Further work is now in progress at increasing AoA and in modification
of the rotating probe assembly so as to cover 3600, i.e., the entire

cross-sectionel area at inlet-end/compressor-face [station 2],

The first test results extracted by this improved method are

depicted on p.174. Such maps will become our Standark Distortion Maps

(SDM) during the rest of this program.

It should be stressed that Fig. 6 and 7 [p.163-164] provide the
“TAKEOFF-FLOW-SIMULATION BASELINE". Deviations from this Baseline can be

attributed to AocA-induced distortion, Mach-Number effects, and external-
flow non-uniformities in our subscale facility (cf. p#4Q). A computer
program that will plot these deviations,as well as SDM is now being

developed.
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LIST OF SYMEOLS

M Inlet Mach Number

LDC Local distortion coefficient (QIDC- isx)/%av
DC Distortion coefficient (R _ - leﬂ)/qav

PR Fressure recovery qav/tin T

qnoc "Engine-face" local total pressure, cm WG
eav "Engine—-face" average EEEEE pressure, cm WG
PGZ "Engine—-face" maximum EEEE& pressure, cm WG
@min "Engine—face"” minimum total pressure, cm WG
%in Inlet total pressuwre, cm WG

q "Engine-(acé" dynamic pressure, &m WG

Re "Engine~-face” Reynolds number

AoA Angle—of—-attack, deg

Sector 1: 0—900 ’ cf. Fig.27, p.42
Sector Z: 90-1800 s C¥. Fig.27, p.az
Sector 3:180-270° , 4. Fig.27, p.42

Sector 4=270—3600 s cf. Fig.27, p.42
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Sub-scale Inlet Tests
e = —
(For definitions see p.153)
= EBHMArED REEESTLE S ASITI SRS . Ll 2 I H---’--"I‘K_li’lx‘
Test No Re Ly AoA Averano Test Results Remarks
. deg
Test—1 1075 0.15 10 Distortion Coef. = 0.001766  [Suction Fan
Prossure Recovery = 0,997433 FPosition 4
Suction Mass Flow Blowing Fan
Rate = 0.21 Kg/s FPosition 3
[rest-2 105 | 0.09| 10 Distortion Coef. = 0.001185 |Suction -Fan
Fressure Recovery = 0,998678 Position 4
Suction Mass Flow Blowing ‘Fan
Rate = 0.21 Kg/s Position 2
rest—3 | 10~5 | o Distortion Coef. = 0.00069 Suction Fan|
' Fressure Rocovery = 0.996106 Position 4
7HLCZ Suction Mass Flow 8lowing Fan
Simuidt, Rate = 0.21 Kg/s Closed
Test-4 1075 0.15% -4 Distortion Coef. = 0.0019%4 Buction Fan
Pressure Recovery = 0.996106 Position 4 |
Suction Mass Flow Blowing Fan
Rate = 0,21 Kg/s Position 3
Test-5 105 0.10} -4 " bistortion Coef. = 0.000689 Suction Fan
' Fressure Recovery = 0,996407 |fPosition 4
Suction Mass Flow Blowing Fan
Rate = 0.21 Kg/s Position 2
Test—-6 10™S 0,09 18 NDistortion Coef. = 0,000792 Suction Fan
Fressure Recovery = 0.998912 |Position 4
Suction Mass Flow Blowing Fan
Rate = 0.21 Kg/s Position 2
[Tast-7 1015 0.15 18 Distortion Coef. = 0.001767 Suction Fan|
: Fressure Recovery = 0.99784% |Position 4
Suction Mass Flow Blowing Fan
Rate = 0,21 Kg/s Position 3
e - {
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L ETrENEOSNEEC USSR EEES SRS SRIESNBEREE

ISR E N IR RN T T P

Remarks

Suction Fan
Open Max.
Blowing Fan
Closed

Suctiun.Fan
Position 4
Rlowing Fan

-

Fosition 3

Test No Re M QoA Averane Test Results
Jdog :
TS PR RTINS OT ISR NS S SiED =
{eat-8 4%10"S 0 Divtortion Coef. = U.02a873F
-0 Frossure Rocovery = 0.9700050
o " i
‘ Suction Mass Flow
5'“‘°l¢:t~ Rate = 0.84 Kg/s
Test-9 10°s5 | 0.14 ) W pistortion Coef. = 0.001568
) tressure Recovery = 0.996287
Suction Mass Flow
Rate = 0.21 Kg/s
[ S ——m -
Test—-10 1075 0.09 O Distortion Coef. = 0,001484

Pressurs Recovery = 0, 998320
Suction Mass Flow
Rate = 0.21 Kg/s

-t ————

Suction Fan
FPosition 4
Blowing Fan
Position 2




Bep*uoiy1sod agnay

BinsseJl

158

© al] Wl .,

2

al-

M|

PN g-

) -

|||||||| Av.:lta..:nl._v.\ &
llllll li+l:nll..ll.r0|..s...|»...T..uu:lW.ﬂOD
: ¥

---,..u.un......nn.“lf.m ...... b_m ........ \4\ miul‘ uuuuuu WM
e R SO0 LR Y
........ e — oI e |
EWT™ B TR ¥ Bl 007 M_"

) v "O=4F 4 o= - |°
SR TAG-47 6 oI |Y

2 Jojoss

£ najpisog :uey Buimayg ¢

Gep gl = Yoy S 01

®

Bap’uo1y1soy sgoly ainssaly

ol

\\\\\

wwvc"J"c‘&]‘r

PvQ1¥(ADd/(ADd - 30(d))

S~ — -
] 3
....... . H \.\\\\\Y -
S Srog o
- l.\‘-“\..
llllllllllll F X oan
lllll 7 os®
.f.l\l. N e e e e e . ||.|l)\|\l\ Lt
Ot D=Yrd ¢
RETgFTT O OAFT*

ERC TR @

Fe 04T v

A6 D=4 ©

246°0=4/1 -

[ J23o8g

Uol}1sgd :uej Uojjang

®d "SL°0 = [

snipoy 9 e(Buy s Joyoes Ysog -ea

ieloljjeo] uoljdojelg [Do6Y] |-3}s8]

t "brg

A1XCADG/EADg - J0Digd)

-

bod




- 159 -

Bep*uniyisoy sqoig sunssely

Bep gl = Yoy °g 0l

0l 0k ] 02 5,
2-
al-

[Tgm=———br ey
S S Sy S it
il ol SRS W LR -
g g r

0

2

'

g

oI |

WEOHT+ BET =T = S 7l raaa

B3 O v 8" 01 6 B3 0w - w“

§ Jojoeg

bvOIX(ADd/(ADd - 301d))

Bap-uoiy1spy aqosy asnsseuy

022 DIZ o2 08l )
2l-

Ol-

g

. . -3
R -
e
—me T ,;U,u-t(\m‘\n..w —— )

;//Avl..\.\.\u\\ll [ T UN

NG -7

4

q

=R L

: e,

BHG™0=4:1 + o =T = mﬁnﬂ_uugc 5101
SpB0=4sd v 208" D=} o 8§6°0-d/4 - m

£ Joyaes

¢ uo1yisog :uey Burxolg § uocl}lsod :ueq uolyang

==
-

2d "SI

0 =N

snNipdYy § ©|buy s, JOy995 Yspg -"SA
U191} 4007 doijdogelg |00 |-3e8]

1z *bta

rAI%¢ADd/EADd - 3014))




160

*(bL1 d -3o) aurraseq
3y} woJxJ suoTljeTIeA pue BIEp

asoayjy jold 03 mou aTqeTTRAR

sT wexboad goyndwod MaU Y 930N

l

. 082
082 «SLZ
7 Jo)e S8
e O
0 y ‘
O_om P ’ WHH
. \ .
_ e GSIE -
RN

AN ..
, Lo a4

AT - T
imw;,%wa_
06 30 ¢

N\ \ a\ i
<N\ A% ane e
RN RN
N /// 1 n
Ill /// L] - ——
N\
S1°0=KW JI89qumN Yoep 13ISTUI 2 mﬂ_
A R
o0l = ¥ov fi-3se% : g "bra SOMNK Y
N
N
AN\ \ - -~
W
. &/~
o0 -.hnw T, UM fe &5 LA o1 &
e E——
. /= i = 73 B
MRE e T |
QO_ W\W.. _— \ “\ \\\ > \\.\.
s \ %
cm_..ﬂuu. e 7 A
S o) ? % -
K174 ,\) G2 » \\\\
et 5>\
=14 \/,., 3 A
14039 2R g
S L0€ \M\ S
.mﬂ\ " ~ —I
]
#07
oS

5 \& el
/ .

.. WROE
7 .x%x,.&_

At

011 Z 10Vag




Bep*uolyisoq aqosg sunssesy
1]

Bep*uoi1y1s04 eqoig einsseuy

e o -—

=T

b

TM(=1rE R

PvO1XCADd/(ADd - 301d))

~1 .

208" 0=t J o

EEE

- 161 -

2 Jo}d9g

2y 60D

L4 ®
. .\\\\ |
el e e SO
gy——¥y - . B
== |.P‘ T oo Juli"-.!...\l\\'(h\-ﬂn.hh‘\\\ il
e T
¥ 1
D= o L
ML (=41 + FG0 Ol = O T
QBB 0=y = R A T
| Jo}deg

¢ uanyisod :uey Burkorg ‘p uoryisod :uej uoppang
Sep gL = Yoy °S.ol
snippy ¢ ©|bBuy s, Joyseg ysapg - si
ULl jle0] UOIYJeLS8]l([ [DIOT] 2-389]

= N

P 0iA(ADY/(ADd - 201d))




Bep'uoi}isog aqo:4 einsseuy Bap*uoiyisog sqosy asnssely

e OIXCADL/CADd - 301d))

162

i T 2 03, 02 DIz o2 061
21
al-
& o
g-
_ = 3
R e e e e A D——0- = —
e e e ol m e - o Bem e e e m .h-nlnun--.ln-”--u‘uw_ - W W_ lm IIIIIIIII M llllllll |H -Tl”|||l||l|A
llllllll vllllllllAv.l.llll.llvl|«1|l|l o +||ll+lllcvlll.o..IIlOlII.Lr-lIIIIlI.._.vllllllll
¢ g
b3
93
: g * :
T = OfF O=u/ i ©
W LT B 0T % B} 0T o m_ > v S A (R0 -5} G A=A
P D471 v 26" G-4f1 © B5" 0=/ - L B0/ v 206 19} & 846" 0-t0 -
ff JO}I3S ¢ Jo}aeg

¢ uaijisng :uey bBuimolg 'p uoiyisog :uef uoiyang
Gep Dl = Yoy "S.0L = @Y ‘BD°D = I
snippy 9 @|buy s Joyoeg yYsmg °sa
pieloljjeoy uolyJoyslg [po0] g-3se] °




Bep*uol}1504 8qolg BunsSBIY

Bepuo1y1sod egqold sinsseuy

\Dd/CADd - 201d))

rA

.0l

14 14} 01l 0l gﬂ. 14 ® ® 0l :@
§- &
- v
A > o o O, -
e .ﬂl —~ w:
| ‘lJ 0
* ] ‘ ] ——— — N
& o I -
_l [} .ﬁ./ p\
0 o e L
1 2 -wWWVMMHMMhiiv J
; K /u e F — x
7 3 S ;
g - [
yosse |, = B S YR SN
QEG"O=i/s + B9 Q=tf 4 = BpeO=4do | 2 065" 0=y + 690" D=y » SOl G
] e S
_ GP8" -/ v 28" =44 © 30 - | GpR 0=y v 20B° 0=y} J 0 slo 0w - |
2 € JojoRg ] Joyses
]

paso|] :uej Buikalg 'y uoryisog :uej uoipang

Bep @ = Yoy ‘5.0l = @Y ‘Q = [
sSNIPDY 9§ ©|Buy &,Joyoeg Ysapg -ea
PR L E=Tok) UoiyJoyslg [poe] g-3188]

9 *brg




- 164 -

Bap*uoij1sad aqosy einsssely

Bap*uaiyisoy aqoly ainssauy

0lg 113 (62 172 g 02 DIZ 02 06l o)
g- 2
- 2
£h 0=4/1 0 ~
& o - >
- o 4 2
e
._..w lllllllllll i.-.mrl..l..lllu..m..lllt| --.mfl ....... L_+m__ W\a ml!..nl.v\unoln..:Hu,l.vl...!;....l”.-“nu.\rrlc-ﬂl\u‘m\\.NMl\nVc ........ vD
R 1 . —¢ —_————— lo“ m Ml\ . ) | m
—— w i 1 % [ -1t
r:ll.-*llllnllmv.lllllllxmlllllnlr |||||||||| Jw. m ﬁW DmﬁbNEW1NI_W
QG O=i4/ 1 + B C=t) 4 Bhzo=yio | (G 0=y + 650" 0=y} x B 0= o |
GEY =M/ ) 206" 0=i ) © £95° 0= - m PE0=U/I v 205°0=yf) © m.?gcu‘m
¥ JO}3es £ JD3}38g .
pasa|] :uej Burmo[g "¢ uo1yisod :uej uoijang
Bep 0 = yoy ‘5,01 = °y "0 = [
snipDy 9 e|buy s, Joyoeg yYspg “sa
JUeID1))€0] UeI}Joysl) [PICT §-}SO) .. -

F.OLlx(ADd/(ADd - 301d))




Bep 101y 1504 aqouy sunssaiy

® ® ol m g
| By Q=1 M"
=72 E =Y Bt 0w o g
SE8°0=Y ) v J08°0=4}'J o D3 0=y - o
‘Yllkrln-lIIIY|l|n||lo!|lll|xvIllill-%-
! N'
N L
REsssss g g
¥
g
i
- - ——— 1l

e = m - . — . % -~ ~ -
¢ _
b

2 Jo}oeg

Sep - = Yoy ‘S.0l = @Y ‘S0 = [

PvOIR(ADd/(ADd - 3014))

Bap-uo1yisoy aqoid esnssauy

v € ® 0l 0y,
2-
Q—l

¥

.S

, T
A it D Tt Fopatel St ,f.ru

U R R | d
(e = s N —— \.\._v.l.f-.\tlllcll||lll..MN
LS WL y

3

U

WEO=9/T D= A G

e 0=y v 206°0=4}yJ o 8467 0=t/ - r”

] JOI28g .

€ uolyisog :ueyj Buiworg ‘p uoryised :uey uoipansg

snipoy 9 @|buy s, 6 Joyses yspg ‘A

YU ] joo7] UOI}JOYSI([ (D907 H-18O] s s

E2e ADd,’CADd - 3014))

F.Qt



Bep*un!i}1804 8QOJ4 BINSSBIY Bap-uo1}i1sod 8qoid 81nsseld

0l e 62 e 0z 022 DI one 0Bl ®),

2- &-

al- Oi-
: & 2 &
— | T~ g g T©
i R St ly. © I b ©

R PR Sl iy iy mxa - o -
S .vi}aw.n,.w.,.u.n ..... —— 9 - ,m%s: e ..N\..‘..ww,,d,n,,wm Pl St 4 -
[ S A S S , 2 e SN N AR - - , 2
' ” P L N e — S e et r———— -~ - v .ﬂ\
¥ = -
e 4 S~

T 9 2 e 8 2
g > i R y
Q.W. oo |5 087 0=t © =
bR it il opz 0=/~ © w = W5 0=/ T+ S V= S T = VAR _u” 2

- - 2L a BRY RS . S Y, L4 ;- ~ g - C

Spa"D=y/J v 208" 0=4f 4 o S Y GpR 0=/ v 206°D=yf- o 8ge0-41 - |

f JO}oesg g JOYIES

¢ uolyisoj :ueg Buimolg ‘¢ uoljiso] :uej uoijang

Bep - = Yoy ‘S.0L = ®Y "S1°0 = [
snipoy § @|buy s, 6 Joyoes yYspg "sSA

JUS1S]jj€0] UEI}I0}SI(Q [PIOT P-}SR) o




-1 67~

Bep*uotyisoq 2qoiyg BINSSBIY

xl ®l oh mi 5-
G-
> L T r-
I S .
S o=y o

i SR S oN-
[-
1+ . 0

- E. ~ - -
e | e sl |

i S, XL x -
—— 5= S S———
o ﬂ
R » P o R T s)
T i i
GG D=y/d + B9 O=i4f 4 = bt 0=d/4 © G
GP8°0=4/) v DG 0=f4 o &3 0=y/4 - q
¢ +o}oag

PvQ1%(ADd/(ADd - 200d))

Bap-uo)y 1804 eqoiy einsseny

¢ ualyisod :ueq Buikolg ‘' uoijisod :ueq uoljansg

Bep - = Yoy ‘S.OL = ®Y "€OL°O = [
snipoy § @)buy s, 6 Joyo0g Yabg -sa

jueloljje0] UOIRI0}sI[ [DO0T G-}sa)

¥ ® © ol 0y
—{5
IVI
Wu
e AT T | NSNS —9- - NN.
—l
Ealiaiiad ® B SENP IR P o Sy it « I« T l_u
|
IIIIIIIIIIIII v.ll..l|||Lv.|llllll.ﬁlt'.lllllJN
| £
‘Dt o |y
EHG0=4s4 + 650Dy} » B D=ty o |
oy | aweoabo  efpows |
1 Joiaeg .

: oL "bra

vO1#(ADd/(ADd - 301d))

14




Gep*uoi}1s0d Bqosy sunssely

-I‘Qf

JUel9ljje0] UOIYJOYsI[ D907 G-}ee)

0lc oK 1 e )73
. I*'
|

Y S —
Fe = —— =~ 7. B .
Vﬂ/// E Y o]
< 0
‘.ﬂ‘..l’(.vl/l. llllll - = Duw — B T —— y |
NE N |
,/// ~% o W m o mm nm
/..VIcI:-llu.I P - C I IR,
| £
gy =471 0 .
905" D=H/1 + BG9" (=M 4 Bt 0=w1n |
GPa"D-d/ 28" 0-t} 0 e - |
q
 JOJOES

PvOIX(ADd/(ADd - 201d))

Bap-uo1yisny eqosy einsse.y

¢ olyjisog :uey Burwolg -y uerlisog :uey usijang

Bep - = yoy °‘s.01
snIpdYy § ©|buy s, 6 Joyoeg yspg -ea

174 Diz e 06l )
5
Vl
™ N b ) Y ml
] , ¢
Nn
I P J — — — — T —— - — T - —
—..
> v\l.\l..l.llxv///.. \\: ...... L « R u”_
e / N
- -~ -0 __ ___.D° S SR\
£
r 2 TAICI I8
0BG Q=44 + €150 D=U} = €irs "D=t/4 © ;
GERQ=H/d v 20870y o mﬁ.?@t "~
£ Joyramg ,
[ o
8d "€0L°0 =1
1) *Brga

P QIX(ADd/CADYd - 00|d))



—’69-

Bep'up)} 1504 aqoad BUunssBl Y

l ®©l ol 0l 0,
m|
'..
ot e TP VR SESEEPEER SUSESIRI T )
RO U S runlxn.--..r----ul--_..m-
_l
. s TN : BRI T s
I N ) _
I N . e N
Pom =¥ — — e G — e — . g — — — - e %
=] ] %
obg D/l + 503" Ot 4 = oW |
P8 D=8/ v 208 0=t 1 0 gho 0=/ - m

2 Jojoeg

P.O1%(ADd/(ADd - 301d))

Bep*uo1y1s0y egoiy einsseuy

¢ uolyisog :uey Buiwolg  uolyjisod :ueq usjpyang

Gep gl = YoV "S.0l = @Y "60°0 = [
snippy § @|buy s, 6 Joyoeg ysmg -sa

Juelaljjeo] Uol}Je}slg [bo0] g-}ee)

w € @ ol 0,
&
Y.
ﬂa
e e Y e e e e gy
—l
: —<|

E ST P, E - - — - - T | T
T ) e
4+ .Tn
Ofp-D=dd o |,
GG 0=/ + 650" D=y} = G ot e |
DB 0=Y/d v 208" 0=yfJ © £46°0=1/J - .

I Joyaes
c b

bvALIXCADG/CADG - 201432




-170~-

Bep*ubiyiso

d 99014 BINSSBIY

0l i 0 ) 74
mv
+-
ﬂv
SICHC I o SCSR RIS o S o M S 0.
_l

lllHll'llll"l_—‘U‘ lllllllllll ﬂ
- = — llll!lfllllllllll‘.lllll.l..Klu|||l||~
S NS SR VS SO |
| 1 | | ]
DRl e S ...||!...,.||+l. uuuuuuuu .«M
Cgy 0=y © X

9bG 0=y + BEY" 0=tk 4 = B " Q=) O ‘

SP9 D=4/ v 208" 0= © B9 0=/ - ]

¥ Jopdeg

b«01¥(ADd/CADd - 301d))

Bep-uoiy1sog agolg esnssaly

2 uotyisog :uey buikolg 'y uoiyisod :ueq usyjang

Sep g1 = yoy °g 0|

sSnipoy @ e[buy s, Jojseg Yysng “ea

\%4 DiZ 117 06t /Y
:
T ~—L - p— -?
/| ™~ | :
. Y S S -
xhﬂ llllllllllll y o Ve = — -
R Sl 1o G I | SRR L T
B g ] ,
SO SR ol | S 4
&
o= e |y
BEG 0=/ + N By O-wse |
PR 0=y v 208™p=u)J ag6" D=4 - .
g Jo}aes
Y ‘600 = [
g1 6o

U810l jje0] UGIYJ0}sl] [Do0] g-}se)

bvQIX(ADd/(ADd - 301d))




=170 -

Bep'uni}i1so4 aqoly BinsSBIY

] ®! ol ol 8,
2l-
al-
& =
g- ©
< ;“wnﬁlllﬁhm «I- W.lu(/\ \\. > == mv —a*n m.
- O ST N e M
+ R 5
- ) S
~qr| /ll' 1 \\ .\|||||lll'v M
*x e——— & o
[t l_ ") m
oo AT \M\.,yquu.nmfllfl..u@ <
1 =T =
FETETT™ B R T % AT R
—]m
WD Lt w mcw.onx_n_ O mmm.oumt . ﬂm
e ~0}037

£ ualpiseq -uey buikolg ¢

Bep gl = yoy ‘S .0l

o

Bep:uoiy1so4 sqold esnssasy
ol 0

®

®

uUal}Isod :uej UO)}aNg

28 "SI0 = [
snipoy 9§ ©)|buy s Joyseg YaDg - SA

VeI ) 100] UCIRJOYSI([ [D20T f-I8O] :w ks

-
N_.-
ol-
B
' 3
= i .vr
- T~— .\ — P HN..
T — = - vo;/: \\\
‘\- ’ﬁ T~ T g D
b b= _ - B o Phalintind. N »Y)
e~ e e T
WA B
RIS FERCIRCNT Yot g
~i4 . w
0§ D-o/3 ©
DRI s M2t Z 5 |Y
CPE 0= v 206" 0=fJ © 8i6 0-/1 - m
| Jo}oes

P 0IX%(ADd/(ADd - 201d))




llll'l

Bep*uoijisoy aqolyd sunssely

Bsp*uoi1}1sod 8Qplyg 8InSS8IY

0ig i3 A 03, 22 DiZ 02 06l ®),
2I- 2
| | * o - .
| == ! g = D —
.l:\_w..\n\cnfniu ﬁ L r- o L i 1 el b- o
I\ ek ST T S, Sk £ < S ST R S tetats A
S T R L o e ot S W “s .
2 .rA\ D YU U e :,x:m wuN M
L e s T S S — P
g < g 2
T om0 =
My BT s |V > 50T = A e owre |
SpEowiv | _awoyio @ | BT | Xo0yIo  spow |
§ J0399S ¢ J0}08g _
¢ ual}isog :uey Butmog “§ uaI}lsg] :uej UDI}ING
Bep gL = Yoy "S.OL = @Y "SL°0 = [
sNIpDY § ©|buy s,K JJoy2e5 YaDg " SA
JUeloljjen] WeIYJopel( DO £-}S8] ‘s 71




- 173 -

APPENDIX B - PART 7

The New Inlet-Test-Data-Plotting Standard

(Recent work conducted by Dr. V.Sherbaum and Dr. A. Rasputnis)

An example of the recently obtained test data from the improved
360o - degrees-sweep subscale F-15 inlet test rig, is enclosed.
Tt represeats our new STANDARD for plotting DC and Pr maps and also
maps which show the calculated ‘variations-from-a-Baseline. The new

additions to our program are based on a new computer program, whic¢h

has been advanced by Dr. A. Rasputnis.

The test results were obtained by Dr. Valery Sherbaum. Additional

remarks are available in p.20-21b.

Further test results will be submitted to the USAF Project
Manager within the framework of our monthly progress reports and
interim Progress Reports. They would gradually include test data

from our full-scale test rig.
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Appendix C

How to measure the 3 moments of inertia

I ,I , 1 , about the three main exes of the "9-feet” F-15 RPV
XX Yy zZ

By: Ostrovsky G. and vVoldman E.

Submitted to Prof. B. Gal-Or

Introduction.

Our project is to design, construct, test and validate the method for direct
measurments of the moments of Inertia of F-15 RPV about the 3 main axes which

pass through the center of gravity of the RPV,

A Simplified Mathematical model (cf. Fig. 1)

We first consider a linear-vibrations model.When the system is in torsion

vibration it may be described by the linear differential equation

(1) 16 + K = 0,
2

o d
when 8 = -—g
dt

8 - angle of turn (rad.)

moment of inertia about axis x [kg.m2]

K - torsion-spring constant [ﬁ;ﬂ]
rad
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Fig. 1.

The general solution of equation (1) is

(2) 6(t) = A sin(1/-§- f) + B COS‘J';— t')

Here

wn = li? £ natural frequency of the system [rad/sec]

27
VRIT

When the spring-constant is known one may determine the moment of inertia:

(sec) - the period of vibration.

KT2

(3) I =——0

qrr
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Spring ~ constant determination

1) Definitions of Sprial <Coiled-Springs of Rectangular Cross Sections

Fig. 2

|
Ll fl
bl
Plr2 1291r2 2rls
f=ra = = 3 = s
Elk Ebh™k hEk

k = (3¢c~1)(3¢-3) ; C=2R/h
bh3

12

R = minimum radius of curvature at the center of the spriral

k ,
K = EIk - the spring constant

1
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2. Cylindrical Helical Spring of Circular Cross Section

2rlSs

2
Plr = 64 Plrisrea’k -
EIk dEk

f=

For (heary) closely-coiled springs :

k = (4¢c-1)/(4c-4) ; C = 2r/d
K = EIk
1

Fig. 3
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3. Cylindrical Helical Spring of Rectangular Cross Section

Fig. 4

f=ra=Plr2/EIk=12Plr2/Ebh3k=2rISs/hEk
1=3h3/12

k=(3¢c-1)/(3c-3) ; C=2r/h

Elk

S ——

1

Notation: P=safe load,lb.

f=deflection for a given load P, in,
l=Length of spring, in.
Ss=Safe stress (due to bending)

| Reference : Mechanical Engineers Handbook

Lionel S, Marks

Fifth Edition
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Evaluation of the Test Method

To check our method by simulation on a small model, we take a hollow

cylindrical body whos¢ moment of inertia can be computed as

2 2
Ixx=m~_~—+t}
12

where l r - mean radius
- ﬂ m-- mass of body
1 - length
_..__4%EE[_____Tm
! lx !
Fig. 5
Body data r = 0.009375 (m)

= 0.398 (m)

m = 0.458 (kg)

Computed moment of Ineria I - = 6,06587.10"3 (kg.mz)
comp
Spring data
, 3 11 N
Young modulus (typical) E=29.10" KPS1 = 1,9353.10 4—5)
W
wire diameter d=0,0014(m)
spring diameter D=0,015(m)
number of loops N=5
ga’

spring constant i8 Ke—— = 0,155 (ﬁéﬂ)
ND rad
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The period was measured as
T = 1.26 (sec)
Hence according to (3)
measured I _ = 6,233.10—3 (kg.mz)

6,06587.10"°> (kg.m%)

It

compute
omputed Ixx

The test precision is 2,76%

The tests are to be completed by the end of July 1990.




